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Abstract 
Nowadays, fluorescence microscopy has become the imaging technique mainly employed for 
medical and biological applications in vitro and in vivo.  A light beam is absorbed by an 
organic or inorganic specimen and subsequently re-radiated. This physical phenomenon is 
called fluorescence of phosphorescence. It is possible to reconstruct morphological and 
structural images of biological samples by staining them with fluorescent dyes. The 
increasing application of fluorescence microscopy has led to the development of super-
resolution techniques, able to visualise fine details of biological structures, beyond the 
diffraction limit. The far-field super-resolution techniques mainly used are stimulated 
emission depletion (STED), ground state depletion (GSD) and single molecules localisation 
techniques such as stochastic optical reconstruction microscopy (STORM) and 
photoactivated localisation microscopy (PALM). These techniques have all achieved lateral 
(x-y) resolution down to tens of nanometers, allowing single molecule super-resolution 
imaging. 
Fluorescent nanoparticles are indispensable candidates for optical imaging. Negatively 
charged nitrogen vacancy (   ) centres in nanodiamonds (NDs) have attracted significant 
interest due to their outstanding optical and magnetic properties.  In the recent years super-
resolution fluorescence imaging with NDs has substantially improved our ability to 
comprehend subcellular processes. In particular, optically detected magnetic resonance 
(ODMR) of the single electron spin of     centres at room temperature has enabled a new 
all-optical imaging approach to measure magnetic fields of complex biological systems. 
Therefore, the ability to readout the magnetic sensitive     electron spin at the nanoscale is 
of paramount importance for super-resolution optical magnetic imaging. 
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STED microscopy has provided nanoscale resolution combined with spin readout of 
individual     centres in NDs. However, this super-resolution method based on scanning 
mechanism is not suitable for magnetic imaging of dynamical processes of living cells such 
as neuronal firing. On the other hand, the wide-field view of the STORM-spin methods 
allows for parallel acquisition and imaging of cellular dynamics from multiple     centres.  
The aim of this thesis is to demonstrate a novel super-resolution technique called spin 
manipulated nanoscopy that enables imaging and spin readout of single     centres in 
blinking NDs. The method is applied for super-resolution optical imaging of magnetic fields 
generated from biological cells. 
Fluorescence intermittency or blinking is observed after reducing the size of NDs with an 
oxidation process at 450°C for 2 h and 30 min at 600°C or at 600°C for 2h. With the effect of 
oxidation not widely investigated, we study the opto-magnetic properties of     centres in 
blinking NDs. We demonstrate first evidence of the ODMR spectrum in blinking NDs. We 
find that at the ODMR frequency the fluorescence of     centres exhibits intermittence that 
confirms the blinking phenomenon. Further, with an oxidation at 600°C for 2 h we observe a 
reduction of the ODMR linewidth which improves the magnetic sensitivity of NDs to small 
magnetic fields. 
Super-resolution imaging based on blinking localisation in conjunction with ODMR has not 
been researched in     centres in nanoparticle form. A super-resolution method, called spin 
manipulated nanoscopy, is developed to image single     centres in blinking NDs. The 
method combines wide-field localisation with nanoscale spin manipulation at the ODMR 
frequency. For the first time the     magnetic sensitive spin in blinking NDs is imaged 
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based on spin manipulated microscopy. The maximum transverse resolution of 34 nm is 
achieved. Further, two collectively blinking     centres are resolved based on spin 
manipulated microscopy. Two adjacent fluorescent features are imaged at 23 nm distance, 
peak to peak.  
Finally, we investigate the magnetic capabilities of NDs by measuring local magnetic fields 
from iron oxide magnetic nanoparticles (MNPs). MNPs are then implemented to label the 
membrane of biological cells. We apply spin manipulated nanoscopy with blinking NDs for 
nanoscale reconstruction of magnetic fields generated from magnetically labelled biological 
cells. The maximum transverse resolution of 25 nm is achieved. The magnetic sensitivity 
achieved is 16   √  ⁄ . The presented method adds a greater value for the application of 
NDs as biomarkers for superresolved magnetic imaging in life science. 
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Chapter 1 Introduction 
1.1 Fluorescence microscopy  
Microscopy has played a key role to study and understand biological processes. An optical 
microscope can be described as a lens system that uses visible light to magnify the images of 
small objects. Conventional optical microscopes use visible light (400-700 nm) to image a 
sample. 
A fluorescence microscope is used to image samples that are labelled with fluorescent dyes 
(fluorophores). A light beam at a specific wavelength illuminates the specimen and it is 
absorbed by the fluorophores. Subsequently, the fluorophores emit light of a longer 
wavelength.  
The main applications of fluorescence microscopy include imaging the structural components 
of biological samples, conducting viability study on cell populations and imaging the genetic 
material within a cell. 
1.2 Nitrogen vacancy centres 
A nitrogen vacancy (NV) centre is a photoluminescent point defect that can be found in 
diamonds. It consists of a nitrogen atom linked to a vacancy in an adjacent lattice site of 
the diamond crystalline matrix. The charged states of an NV centre are the neutral centre 
(   ) and negatively charged centre (  -). The latter has received more attention in recent 
years due to its exceptional optical properties at room temperature.  
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    centres are unique fluorescence candidates for imaging biological samples due to their 
high quantum yield, non-toxicity and bio-compatibility. Further, the electron spins of 
   centres can be manipulated at room temperature by applying a magnetic field, an electric 
field or a microwave (mw).  The unique spin and optical properties of     centres have 
motivated a significant research in the field of quantum information [1], super-resolution 
imaging [2], temperature sensing [3] and magnetic field sensing [4].  
1.3 Super-resolution methods 
Although greater technical developments have been introduced to improve the quality of the 
images, the maximum achievable resolution in conventional fluorescence microscopy is still 
limited. The limitation is due to the diffraction of light. The diffraction is the slightly bending 
of a light beam when a wave of light encounters an object. Therefore, the rays of the light 
beam do not exactly converge on the imaging plane but a blur finite-size light spot is 
identified [5].  
The resolution of an imaging system is determined by the size of the point spread function 
(PSF). The PSF is defined as the three dimensional intensity distribution of the image of a 
point object.  When two PSFs describing two objects merge in a flat intensity profile the 
image is called diffraction limited (Fig. 1.1(a)). This situation occurs when two objects are 
separated by a distance smaller than the full width at half maximum (FWHM) of the PSFs.  
The Abbe’s formulation gives the minimum distance between two point-source objects that is 
necessary to maintain the two PSFs distinguishable. In the Abbe’s formulation the minimum 
resolvable distance depends on the wavelength λ of the light beam, the refractive index η of 
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the medium where the light travels and the converging angle θ of the light. The Abbe’s law 
can be expressed, mathematically, as 
                                                       
 
      
  
 
   
                                        (1.1) 
The numerical aperture (NA) is introduced as it combines the refractive index η of the 
medium and the converging angle  . The value of NA depends on the objective lens used in 
the imaging system. When imaging with visible light (      nm) and with an oil 
immersion lens with       , the PSF has a lateral size of 200 nm and an axial size of 500 
nm (z-plan) [6]. Abbe’s law defines the resolution limit when a small dip is still discernible 
between two PSFs describing two objects (Fig. 1.1(b)).  
The Rayleigh criterion is another formulation to define the minimum resolvable distance 
between two point-source objects. It mathematically defines the resolution limit as  
                                                      
     
     
  
     
  
 ,                                  (1.2) 
where λ is the wavelength of the light,  η is the refractive index of the medium where the light 
is travelling, θ is the converging angle of the light,    depends on the objective lens used in 
the imaging system. With the Rayleigh criterion two objects are still resolvable when the 
maximum of one PSF distribution coincides with the first minimum of the PSF distribution of 
the other object. (Fig. 1.1(c)) [6].  
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Fig. 1.1. Schematic of the resolution limit definitions: (a) Diffracted limited image: it is not 
possible to separately resolve two objects and the PSF has a flat profile. (b) Abbe’s law: a dip 
is still distinguishable between the PSFs of two objects. (c) Rayleigh criterion: the minimum 
of the PSF of the image of one object coincides with the maximum of the PSF of the image of 
the other object. 
Two methods have been introduced to enhance the resolution with conventional microscopy. 
The first technique is based on the deconvolution of a wide-field image stack [7]. A PSF is 
determined from the parameters of the microscope in use. With the calculated PSF, post-
processing of the images in the stack is needed to reconstruct the most probable object which 
could have given rise to the collected image. The second method can be utilised in a confocal 
mode [7]. The resolution can be enhanced by using a focused laser beam for excitation and a 
pinhole that allows only light originating from the nominal focus to pass.  
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The resolution limit does not affect the imaging of tissues and organs because their sizes is 
greater than the λ used to image them [5]. However, when zooming into smaller biological 
elements like cells, the diffraction of the light is a limitation since the cells size is smaller 
than λ.  
Novel fluorescence super-resolution techniques have been introduced during the years to 
overcome the imaging resolution limitation due to the diffraction of the light. These novel 
techniques are possible to reconstruct fine structures with small details. The super-resolution 
far-field microscopy techniques that will be discussed are stimulated emission depletion 
(STED) [8], ground state depletion (GSD) [9] and the single molecules localisations 
techniques such as stochastic optical reconstruction microscopy (STORM) and 
photoactivated localisation microscopy (PALM) [10, 11]. 
1.4 Stimulated emission depletion microscopy 
The STED technique was first proposed by Hell et al. in 1994, and was demonstrated by the 
same group in 1999 [8, 12]. The STED super-resolution method is based on the selective 
inhibition of the fluorescence by using two laser beams and a doughnut mode. The excitation 
is provided by a laser beam tuned to the absorption spectrum of the fluorescent dye and the 
electrons jump from the ground state to a high energy level which is the excited level. The 
excitation beam is focused onto the sample and it produces a diffraction limited light spot. 
After excitation, electrons are released to a low excited energy level and a STED pulse is 
applied to quench this state causing the photon to be red shifted.  
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The setup of the system guarantees that the stimulated emission arrives few pico-seconds 
after the excitation light. The STED pulse is also called depletion beam and it is spatially 
arranged into a doughnut shape. The electrons in the doughnut are red shifted because they 
are forced to relax to a vibrational energy level by the depletion beam. Inside the doughnut, 
the fluorescence remains unaffected [13]. Super-resolution images are obtained by scanning 
the PSF in the small region around the focal point [5]. It is possible to narrow the fluorescent 
focal spot down to the size of molecules by increasing the intensity of the doughnut shape 
(Fig. 1.2).  
The resolution in STED microscopy can be mathematically expressed as 
                                                            
 
√  
 
  
 ,                                              (1.3) 
 where   is the resolution limit defined by the Rayleigh criterion,   is the intensity of the 
STED depletion beam and    is the effective saturation intensity [13]. The lateral resolution 
that is possible to achieve with STED is 20-70 nm, the axial resolution is 30-100 nm. 
 7 
 
 
Fig. 1.2. STED microscopy: (a) Schematic of the energy levels involved in STED 
microscopy. (b) The saturated depletion of the excited state    with increasing of the STED 
pulse intensity   . (c) Schematic of a point scanning STED microscope. (d) The comparison 
of the fluorescent spot generated with a STED microscope and with a confocal microscope. 
Adapted from Ref. [13]. 
 
 
1.5 Ground state depletion microscopy 
The GSD technique is based on the saturation of the fluorescent state like STED. A laser 
beam brings the emitter to the excited level. A doughnut beam at 532 nm wavelength is then 
applied to shelve the emitter in its excited state. Therefore, the emission occurs in all the 
sample, and the localisation below the diffraction limit corresponds to a dark point [2, 9]. In 
this case, post-processing algorithms are needed in order to obtain a positive image.  
The main disadvantage of GSD is the signal to noise ratio (SNR). The fluorescence from all 
the emitters leads to a high background. Moreover, the number of counts becomes so high 
that sensitive single photon detectors are needed [2]. The STED and GSD techniques belong 
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to a wider category of super-resolution methods known as reversible saturable optical 
fluorescent transitions (RESOLFT). 
1.6 Localisation microscopy 
STORM and PALM are two super-resolution techniques based on the high precision 
localisation of single molecules. By using fluorescent probes that can switch between a 
fluorescent state and a dark state it is possible to resolve molecules within a diffraction 
limited region by separate them in time. The localisation precision is mathematically defined 
as 
                                                               
 
√ 
 ,                                                  (1.4) 
with   is the size of the PSF and   is the number of photons. The resolution that it is possible 
to achieve with these techniques is around 20 nm.  
STORM uses photoswitchable dye pairs (e.g. Cy3-Cy5) or photoswitchable proteins (EosFP), 
PALM uses photoactivatable dyes (e.g. paGFP) [10, 11]. STORM is based on a reversible 
switch of the fluorophores between the dark state and the fluorescent state to separate the 
emission of molecules in time (Fig. 1.3). In PALM, photoactivable dyes are stimulated to the 
excited state and then imaged with a different light pulse at a different wavelength that 
increases the energy of the dyes to a high but still resolvable level. Only the photons emitted 
when the dye is carried to a high energy level by the second laser beam illumination, are 
imaged. Therefore, the blinking phenomenon in STORM represents the switch between a 
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dark state and a fluorescent state of the sample, in PALM the blinking represents the switch 
between an excited state and a high energy level. 
 
Fig. 1.3. Principle of localisation microscopy: (Left) Wide-field diffracted limited 
fluorescence spot. Right: (Centre) Stack of images where a fluorescent molecule is switched 
“on” and “off”. (Right) After multiple iterations of the activation and imaging processes, a 
super-resolution image is constructed from the localisations of many fluorophores. Adapted 
from Ref. [14]. 
 
 
1.7 Super-resolution optical magnetic imaging 
Optical magnetometry has attracted significant interest in the recent years due to the 
development of high magnetic sensitive devices such as atomic magnetometers, Hall bars and 
superconducting quantum interference devices (SQUID) [15-18] Nanoparticles have also 
been engineered for optical magnetometry via fluorescence based techniques to measure 
weak magnetic fields in situ and at a low cost.   
Due to their excellent magnetic sensing capabilities,     centres have demonstrated to be 
unique fluorescent candidates for magnetic imaging. The magnetic sensitive spin of     
centres has a long coherence time, even at room temperature. The magnetic field strength is 
detected through monitoring the optically detected magnetic resonance (ODMR) of the single 
electron spin of     centres.  
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The ability to readout the     electron spin at the nanoscale is of paramount for super-
resolution optical magnetic imaging. STED combined with ODMR for spin readout with 
nanoscale spatial resolution has been demonstrated in NDs [19]. However, due to the 
scanning mechanism, STED-ODMR is not suitable for magnetic imaging of dynamical 
processes in biological samples. STORM in conjunction with ODMR has enabled spin 
readout of each individual     centre in bulk diamonds with a spatial resolution below the 
diffraction limit [20]. Advantages of STORM-ODMR are parallel acquisition and imaging of 
cellular dynamics from multiple     centres.  
 
 
1.8 Thesis objective  
This thesis aims to demonstrate spin manipulated nanoscopy, a novel technique that 
combines super-resolution imaging and spin readout of single     centres in blinking NDs. 
The relevance of spin manipulated nanoscopy with NDs is motivated by their broader 
applicability in the life sciences compared to bulk diamonds [21]. Further, smaller probes are 
essential in biomedical imaging, and the blinking phenomenon occurs when the size of NDs 
is reduced.  
The blinking emission of     centres has been investigated only in terms of size and surface 
functional groups of the ND host [22]. We perform a thorough investigation of the opto-
magnetic properties of     centres in blinking NDs after performing an oxidation. For the 
first time the ODMR signal is measured in blinking NDs. This is relevant for the 
development of the spin manipulated nanoscopy method. We also demonstrate a reduction of 
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the ODMR linewidth after oxidation, which improves the magnetic sensitivity of     centres 
in NDs.  
Therefore, in this thesis we describe a home-built microscope capable of imaging     
centres in nanodiamonds based on the novel spin manipulated nanoscopy method and show 
the results that we have achieved. Spin manipulated nanoscopy combines localisation 
microscopy with mw stimulation at the ODMR frequency of     centres in blinking NDs. 
The method enables super-resolution imaging and parallel spin readout of single     
centres. 
The magnetic capabilities of     centres in NDs are investigated by measuring magnetic 
fields generated from iron oxide magnetic nanoparticles (MNPs). Finally, we implement 
MNPs to label MCF10A cells. To show the utility of the newly developed super-resolution 
method, we implement spin manipulated nanoscopy for imaging with high spatial resolution 
magnetic fields generated from the magnetically labelled cells. The demonstrated concepts 
can lay the new groundwork for the development of nanoscale devices that enable high 
spatial resolution magnetic imaging for medical and biological applications.  
1.9 Thesis overview 
The main focus for this thesis is to discuss the opto-magnetic properties of the     centres in 
blinking NDs and to demonstrate their applications in super-resolution imaging and magnetic 
sensing. Experiments are designed to demonstrate spin manipulated nanoscopy. Moreover, 
this super-resolution technique is implemented for imaging magnetic fields generated from 
magnetically labelled MCF10A cells. The strategies to accomplish this are outlined below. 
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In Chapter 2, current approaches for super-resolution imaging and for magnetic sensing with 
NDs are introduced in details. In Section 2.1, an outline of Chapter 2 is given. In Section 2.2, 
the synthesis of      centres in bulk diamonds and in NDs is briefly introduced. As the 
benchmark of this thesis, in Section 2.3, the description of negatively charged     centres in 
NDs, their physical structure and their properties are discussed. In Section 2.4, an overview 
of the super-resolution optical methods that use     centres is bulk diamonds and in NDs is 
given. The reviewed techniques are STED, GSD, SPIN-RESOLFT, STORM, super-
resolution enabled by blinking     centres and deterministic emitter switch microscopy 
(DESM).  In Section 2.5, magnetometry with     centres and the application of magnetism 
in biology are presented. In Section 2.6, neural network studies with     centres in bulk 
diamonds and NDs is reviewed. In Section 2.7, the conclusions of Chapter 2 are given.  
      In Chapter 3, the investigation of the optical and magnetic properties when 
photoluminescence intermittence of     centres is induced by an oxidation process is 
discussed. In Section 3.1, a background introduction and an outline of Chapter 3 are given. In 
Section 3.2, the sample characterisation with an atomic force microscope (AFM) before and 
after an oxidation process is introduced. In Section 3.3, the effect of an oxidation on the 
number of     centres is studied. In Section 3.4, the first evidence of ODMR in high 
pressure high temperature (HPHT) NDs is demonstrated. In Section 3.5, an oxidation at 
higher temperature to improve the magnetic field sensitivity of blinking NDs is introduced. In 
Section 3.6, conclusions of Chapter 3 are presented. 
      In Chapter 4, spin manipulated nanoscopy for super-resolution imaging of single     
centres in blinking NDs is demonstrated. In Section 4.1, an outline of Chapter 4 is given. In 
Section 4.2 the principle of spin manipulated nanoscopy technique and the experimental 
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setup are presented. In Section 4.3, the method is applied to a single     centre in a single 
ND for super-resolved spin imaging. In Section 4.4, the observation of collective blinking 
behaviour in multiple     centres is discussed. The implementation of spin manipulated 
nanoscopy to resolve two collectively blinking    centres is presented. Further, when the 
collective     centres possess the same ground state spin transition frequency, the 
application of spin manipulated nanoscopy is studied. In Section 4.5, a brief summary of 
Chapter 4 is given. 
      In Chapter 5, magnetic fields generated from MNPs are measured with     centres in 
NDs. In Section 5.1, an outline of Chapter 5 is given. In Section 5.2, the magnetic properties, 
the size characterisation via AFM measurements and the emission properties of MNPs are 
studied. In Section 5.3, magnetic field measurements based on the ODMR detection with and 
without an external magnetic field are presented. Further, the magnetic field sensitivity of 
    centres in NDs is discussed. In Section 5.4, the conclusions of Chapter 5 are given. 
      In Chapter 6, spin manipulated nanoscopy is implemented for super-resolution imaging of 
magnetic fields generated from magnetically labeled MCF10A cells. In Section 6.1, a brief 
outline of Chapter 6 is given. In Section 6.2, the biocompatibility of NDs is demonstrated. In 
Section 6.3, Spin manipulated nanoscopy is implemented for super-resolution optical imaging 
of magnetic fields generated from magnetically labeled MCF10A cells. In Section 6.4, the 
conclusions of Chapter 6 are given. 
      In Chapter 7, the major conclusions of this thesis are presented. Moreover, some 
perspective discussions for the future work are presented. 
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Chapter 2 Literature Review 
2.1 Introduction 
In this chapter, we review the state-of-the-art of the research work that is highly relevant to 
the study conducted in this thesis. A review of the optical and magnetic properties of nitrogen 
vacancy (   ) centres is given. Further, the nanoscopy techniques developed to resolve     
centres in bulk diamonds and nanodiamonds (NDs) are reviewed. Magnetometry with     
centres for application in life science is discussed. In the recent years     centres have 
captured the attention of the neuroscience community. A review of the application of     
centres in bulk diamonds and NDs for the study of biological and artificial neural networks is 
presented. Finally, a brief chapter summary is given.   
 
2.2 Synthesis of nitrogen vacancy centres  
    centres can be incorporated into both bulk diamonds and NDs with different techniques. 
With chemical vapour deposition (CVD) or high pressure high temperature (HPHT) 
synthesis, the impurities diffuse in the diamond during its growth. However, it remains a 
challenge to control the type of impurities. Another method to increase the concentration of 
    centres is via irradiation of the material with high energy particles to create vacancies. 
After the irradiation, annealing in vacuum (<        ) for 1h hour at high temperature 
(between 700 C and 1000 C) is performed to form     centres by moving the vacancies. 
The irradiation method is performed when a high concentration of     centres is required. 
Another method to create the vacancies is via detonation. Detonation nanodiamonds (DNDs) 
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are created by the detonation of carbon containing explosives. During the explosion, the 
temperature in the chamber is high enough to convert the carbon of the explosives into 
diamonds [21].  
There are four types of diamonds, according to the concentration of the nitrogen (N) 
impurity: type Ia, type Ib, type IIa and type IIb. The most common implemented for imaging 
and magnetic sensing applications are the type Ib (which contains 550 ppm N impurities) and 
the type IIa (which contains <100 ppm N impurities). It is important to produce NDs with 
size <10 nm for biological applications. The first work on fluorescent     centres was in a 
ND with size <10 nm obtained via HPHT treatment of type Ib diamond [23]. The smallest 
size of NDs containing     centres is 5 nm in DNDs [24,  25].  
 
2.3 Nitrogen vacancy centres in nanodiamonds 
An     centre in NDs is a perfect candidate for solid state quantum information, signal  
processing and as a biomarker to image biological structures because its spin triplet ground 
state is sensitive to magnetic and electric fields [26-31]. It is possible to manipulate the     
centre electron spin in the ground state via microwave (mw) or radio frequency pulses [32-
34]. The spin of an     centre has a long coherence time even at room temperature [35, 36]. 
The longest coherence time has been observed in     centres in bulk diamonds [35, 37, 38]. 
The record-long coherence time observed in high purity NDs is > 60 µs [36].  
Other significant characteristics are the photostability at room temperature and the robustness 
against photobleaching. Therefore, it is possible to excite a single centre for several hours 
[39]. All these properties, plus the high compatibility with biological systems, make the     
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centres a useful tool over the other systems for optical and magnetic imaging of living 
samples [4, 19, 40, 41].  
    centres are characterised by an N atom, which substitutes a carbon atom, linked with a 
vacancy (V) in an adjacent lattice site of the diamond crystalline matrix (Fig. 2.1(a)). 
Through the combination of various theoretical and experimental works, it has been 
determined that an      centre has     symmetry. Its energy level structure is illustrated in 
Fig. 2.1(b) [42]. The N atom has five valence electrons; three are covalently bonded to the 
carbon atoms and the remaining two are a lone pair. The vacancy has three unpaired 
electrons; two of them make a quasi-covalent bond and the other one is unpaired.  
 
 
Fig. 2.1 Schematic of a nitrogen vacancy centre atomic structure: (a) Atomic structure of 
an    centre in a ND; an N atom linked with a vacancy (V) form a trigonal symmetry     
structure Adapted from Ref. [43]. (b) Simplified energy level diagram that shows the ground 
triplet state   , the excited triplet state     and the metastable level      The separation 
between the sublevels of the ground state is 2.88 GHz (~10 µm). The energy gap between the 
ground state and the excited state is 1.945 eV (637 nm).   
 
When an     centre is negatively charged, an extra electron is located at the vacancy. This 
electron forms a spin     pair with one of the vacancy electrons [33, 44]. Therefore, the 
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ground state is a triplet state with six unpaired electrons. The spin sublevels are        . 
The zero field splitting between      and       is           . This paramagnetic 
ground state makes accessible the optically detected magnetic resonance (ODMR) 
measurement. It is demonstrated that the excited state is also a spin triplet, associated with a 
broadband photoluminescence emission with a zero phonon line at 1.945 eV (637nm) [1].  
The optical transition between the ground state and the excited state,      , is spin 
conserving. In addition the optical transition between the excited state and the metastable 
state,      , is non-radiative and highly spin selective. This leads to a strong spin 
polarisation into     after a few optical excitation-emission cycles [45]. By recording the 
fluorescence spectra it is possible to study the absorption and emission characteristics of a 
single      centre in a ND. An      centre absorbs light at 532 nm wavelength and emits 
broadband photoluminescence with a zero phonon line at the 637 nm wavelength and it has a 
maximum at around the 670 nm wavelength (Fig. 2.2) [34]. 
 
Fig. 2.2. Emission spectrum of a single NV centre: The zero phonon line (ZPL) is at the 
637 nm wavelength (1.945 eV) and the emission peak is around the 670 nm wavelength. 
Adapted from Ref. [34]. 
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2.3.1 Anti-bunching 
In 1950 Hanbury Brown and Twiss (HBT) founded the quantum statistical measurement 
discipline, evaluating the size of a radio star by measuring the coherence of the observed 
radiation with an intensity correlation experiment [46, 47]. When imaging NDs with a 
confocal microscope, a HBT setup is used to determine the number of       centres inside 
the focal spot [48]. A HBT interferometer is composed of a beam splitter, which is a multi-
mode fibre splitter that receives the emitted photoluminescence and splits it into two 
components. These two components are then directed to fiber-coupled single-photon 
detectors. The signals are then correlated by a time correlated single photon counting 
(TCSPC) system [49]. The TCSPC measures the correlation between the two transmitted 
beams originating from a beam splitter (Fig. 2.3(a)) [50, 51].  
The function calculated is       at delay  , where   is the delay between two emitted 
photons. It is defined as the probability of detecting two simultaneous photons, normalised by 
the probability of detecting two photons at once for a random photon source 
                                              
            
       
                                                       (2.1)                                          
Since an      centre is a single photon source, two photons cannot arrive at the detectors at 
the same time and the second order correlation function will show a dip at delay    . In the 
case of emission from a single     centre, the function      , at delay      has a 
correlation value           (Fig. 2.3(b)).  If the fluorescence is the result of multiple     
centres in the focal spot, the       at delay     has a correlation value           [52].  
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Fig. 2.3. HBT test: (a) Typical HBT interferometer setup. The transmitted light is collected 
by a multimode beam splitter (50/50 BS). Then the beams are sent to two avalanche 
photodiode detectors (APDs) and the coincidence detection block (TCSPC) records the 
signals to calculate the second order correlation function at zero delay,      . (b) Time 
intensity correlation histogram of a single     centre in ND            Adapted from Ref. 
[52]. 
 
The slope of the second order correlation function       depends on the power (      , ) 
of the laser beam and on the decay rate      . The radiative decay time is related to the 
local density of the states (which refers to the states that can be occupied by a photon) and 
also to other characteristics of the medium like the refractive index,        , for the 
diamonds is             [53]. 
 
2.3.2 Optically detected magnetic resonance  
 
    centres have emerged as a unique fluorescent probe for applications in spin-based 
quantum sensing due to their magnetic properties. The ground state of an    centre is a 
triplet state with six unpaired electron spins, each one with an associated magnetic moment; 
the spin sublevels are         [54]. The energy sublevels       in the ground state 
 20 
 
can be perturbed with an external magnetic field. This paramagnetism of the ground state can 
be mathematically described by the spin Hamiltonian of the system [54]: 
                                             
     (  
    
 )        ⃗⃗⃗⃗  ⃗    ,                                        (2.2) 
where     is the ground state zero field splitting,  ⃗  is the spin operator vetor,     is the 
ground state strain-induced splitting coefficient,     the ground state g-factor and µ the Bohr 
magneton [42].  Briefly, the first term corresponds to the energy gap between the two 
sublevels in the ground state, the second term represents the energy shift due to the strain 
from the lattice, and the last term is the Zeeman effect [55, 56].  
When NDs are stimulated by a mw field, it is possible to redistribute the population of the 
electrons of     centres in the ground state. In particular, by switching on a mw field, at the 
zero-field splitting frequency, D=2.87 GHz, there is a redistribution of the electrons from the 
most populated sublevel,    , to the less populated sublevel      [34].  
Under an excitation beam at wavelength 532 nm, an     centre is polarised in its ground 
state       The application of a mw field, at the zero field splitting frequency, causes an 
increase in the population of the       spin sublevels. This leads to an overall decrease in 
the fluorescence because of the non-radiative decay via the intermediate metastable state. The 
observed photoluminescence decrease is called ODMR signal (Fig. 2.4).  
It is also possible to apply a magnetic field along the z-axis that degenerates the energy 
sublevels     . The gap between the energy sublevels       and       
proportionally increases with the strength of the magnetic field applied. 
 The application of a magnetic field and a mw field causes an increase in the population of 
the sublevels       and       [57]. Under this circumstance, the recorded ODMR 
signal shows two dips due to the redistribution of the electrons in the sublevels      and 
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      (Fig. 2.4). The separation between the recorded ODMR dips increases with the 
strenght of the magnetic field applied. 
 
 
Fig. 2.4. Optically detected electron spin resonance: ODMR spectra recorded for different 
magnetic field magnitudes applied to a single      centre in diamonds. Adapted from Ref. 
[57]. 
 
 
 
2.4 Nanoscopy based on nitrogen vacancy centres  
The field of super-resolution has been heavily investigated in order to circumvent the 
diffraction limit in far-field microscopy and      centres have attracted wide spread interest 
in this field. We will discuss the nanoscopy methods based on      centres in bulk diamonds 
and NDs that have been developed during the years.  
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2.4.1 Super-resolution methods applied to bulk diamonds 
2.4.1.1 Stimulated emission depletion 
The first work on stimulated emission depletion (STED) microscopy to nanometrically 
resolve      centres is performed on a type IIa untreated bulk diamond [58]. An excitation 
beam at wavelength 532 nm (  ) is provided by a 60 ps pulsed laser diode and the STED 
beam (       is generated from a 3.2 ns pulsed laser at 8 MHz at the 775±1 nm wavelength 
[58]. By overlapping the airy spot of the excitation beam to the generated doughnut beam, the 
     centres are switched “off” for       
        [58].    represents the saturation intensity. A 
super-resolution image of    centres below 80 nm is obtained for the doughnut shaped focal 
intensity distribution      
           [58]. When the power of the depletion beam reaches 
3.7 GW/    the full width at half-maximum (FWHM) is 8 nm (Fig. 2.5 (a)).  In Fig. 2.5(b) 
the resolution curve as a function of the applied power of the depletion beam is illustrated 
[58]. In order to improve the spatial resolution, a pulsed-laser beam excitation and a 
continuous wave STED beam are implemented in conjunction with time-gated detection [59]. 
 
Fig. 2.5. STED super-resolution imaging: (a) STED super-resolution imaging of an      
centre with FWHM = 8 nm. (b) The decrease of the lateral FWHM down to 8 nm scales 
inversely with the square-root of the intensity of the STED beam. Adapted from Ref. [58]. 
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2.4.1.2 Ground state depletion  
Ground state depletion (GSD) to resolve      centres in a type IIa bulk diamond is explored 
in two modalities [9]. The first modality is called inversed ground state depletion modality. A 
light beam at wavelength 532 nm is used as an excitation source. The focal airy disk of the 
excitation beam is converted into a doughnut by a helical phase ramp. Fluorescence from 
     centres is recorded in the doughnut, while no fluorescence in the region inside the 
doughnut is observed. The FWHM of the point spread function (PSF) of this imaging 
modality depends on the ratio    ⁄ , where    is the crest intensity of the produced doughnut 
and    is the saturation intensity [9]. A deconvolution process is required to achieve the final 
image (Fig. 2.6) [9]. 
 
Fig. 2.6. Inverse GSD microscopy: (a) The central dark area decreases for different values 
of the ratio    ⁄  (b) Normalised PSFs for different values of the ratio     ⁄ . (c) Resolution 
scales as function of    . Adapted from Ref. [9]. 
 24 
 
The second imaging modality, called direct GSD, does not require deconvolution (Fig. 2.7). 
A doughnut at 532 nm wavelength and an airy disk at wavelength 561 nm, as second beam, 
are used to probe the ground state of      centres at the doughnut centre [9]. The resolution 
achieved with GSD is 7.6 nm. 
 
Fig. 2.7. Direct GSD microscopy: (a) The FWHM of the PSF of the central area decreases 
for different values of the ratio     ⁄  (b) Normalised PSFs for different values of the ratio 
    ⁄ (c) Resolution scales as a function of    . Adapted from Ref. [9]. 
 
 
A variant of GSD is proposed in bulk diamonds [60].     centres are excited and  efficiently 
transferred to a metastable dark state with a light beam at 638 nm wavelength. A light beam 
at 473 nm wavelength depopulates the dark state. Therefore, a sequence of red (at wavelength 
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638 nm) and blue (at wavelength 473 nm) excitation sources are employed to switch “on” 
and “off” the spontaneous emission of      centres [60]. This method allows tuning the 
resolution down to 12 nm. 
 
2.4.1.3 Spin-reversible saturable optical fluorescent transitions 
Spin-reversible saturable optical fluorescent transitions (RESOLFT) is demonstrated in 
   centres in diamonds [61]. The spin of an    centre is first pumped to the energy level 
   = 0 with an excitation beam at 532 nm wavelength. The mw manipulation brings the spin 
to the sublevel       . Finally, a doughnut beam at wavelength 532 nm repolarises the 
outer ring to    = 0, allowing the spin state of the central dark region to be independently 
readout [61]. This method achieves a resolution of 38 nm. 
2.4.1.4 Stochastic optical reconstruction microscopy 
It is demonstrated that the laser beam excitation at wavelength 514 nm switches the       
centres to the negative form [62]. A study provides the details of the ionisation dynamics of a 
single       centre in bulk diamonds [63, 64]. The ‘dark state’ of an      centre is the 
neutral charge state     and the optimal excitation is found to be around the 510-540 nm 
wavelength [63].   
The fluorescence switching enabled by the photon-induced charge state conversion is 
explored for stochastic optical reconstruction microscopy (STORM) of      centres [20]. 
The spin assignment to individual NV centres is also demonstrated. Mw stimulation is 
simultaneously applied with an excitation beam at wavelength 532 nm and in the presence of 
an external magnetic field. The excitation beam pumps the NV centre spin into 
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projection    , whereas resonant mw radiation induces the transitions         
[20].  
 
Fig. 2.8. Nanoscale magnetic field sensing with NV centres: (a) Diffraction limited wide-
field image of three unresolved NV centres. (b) Four resonant lines for two NV centres when 
a mw and an external field are applied. (c) Two NV centres are resolved; they are separated 
by a zero crossing line. STORM super-resolution is implemented while sweeping the mw in 
the frequency range (  ,   ,   ,   ). (d) High resolution ODMR spectrum assignment to each 
NV centres. Adapted from Ref. [20]. 
The ODMR spectrum is characterised by four lines at frequencies   ,   ,    and    (Fig. 
2.8(a-b)). The mw is repeatedly switched from    to    and it is synchronised to a charge 
coupled device (CCD) camera. All the location distributions at the spectral lines (  ,   ) 
belonging to one NV centre are added and those at (  ,   ), belonging to another NV centre, 
are subtracted. Two location distributions, separated by a zero crossing, are distinguished. 
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Therefore, it is possible to assign a high resolution spectrum to each individual NV centre 
(Fig. 2.8(c,d) [20]. 
 
The best spatial resolution achieved via photon-induced charge-state conversion of NV 
centres in diamonds is approximately 4.1 nm [65].  
2.4.2 Super-resolution methods applied to nanodiamonds 
The super-resolution methods applied to NDs have a wide range of applications in the life 
sciences compared to bulk diamonds [21]. In the following section super-resolution methods 
based on NV centres in NDs are reviewed.  
2.4.2.1 Stimulated emission depletion  
The STED technique is demonstrated for the first time in HPHT NDs of type Ib [66]. NDs are 
embedded in poly(vinyl-alchohol) (PVA) and a continuous wave (CW) light beam at 532 nm 
wavelength, is used as an excitation source. Light at 740 nm wavelength is used as a 
depletion beam. Due to the increased luminescence lifetime of      centres in NDs, the 
power required is        , which is 1.3 times lower than the power required for STED 
in bulk diamonds [66]. Figure 2.9 depicts the confocal image and the STED image of NDs. It 
is clear the significant enhancement in resolution of the applied STED technique [66].  
 
 
 28 
 
 
Fig. 2.9. Comparison between confocal and STED microscopy: (Left) Confocal image of 
NDs and (right) STED image of the same area. STED clearly resolves NDs that are blurred in 
the confocal image. Adapted from Ref. [66]. 
The possibility to apply STED to NDs is crucial for the application of the method in life 
science to resolve detailed biological structures.  Super-resolution imaging of albumin 
conjugated with NDs is demonstrated with STED [40]. Fluorescent NDs of 30 nm in size are 
non-covalent coated with bovine serum albumin or α-lactalbium (α-LA) and a cell medium to 
stabilise the NDs [67]. Two methods are used for cellular uptake of NDs: electroporation [68] 
and endocytosis [69]. 
 
 
 
 
 
Fig. 2.10. STED super-resolution imaging of NDs in cells: (a) STED image of fluorescent 
NDs labelling a MCF10A cell. (b) Confocal image of NDs enclosed in the green box in (a). 
Bottom: confocal and STED fluorescence intensity profiles of NDs. Adapted from Ref. [40]. 
(a)                                      (b) 
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With an excitation beam at wavelength 532 nm and a STED beam at wavelength 740 nm 
(both operating in continuous wave), a resolution of 40 nm is achieved [40]. The results are 
depicted in Fig. 2.10. STED imaging of      centres in NDs combined with spin readout is 
demonstrated for the first time in 2013 (Fig. 2.11) [19]. The result is highly relevant for the 
application of      centres in quantum sensing and information processing. 
 
Fig. 2.11. STED image and ODMR measurement: (a) STED image of      centres and 
(b) cross section of the resolved      centres. (c) Scanning electron microscope (SEM) 
image of the ND host. (d) Overlay of the STED image and the SEM image. (e) ODMR 
spectrum showing (in different colours) five different lines. A permanent magnet is applied to 
split the dips. Adapted from Ref. [19]. 
2.4.2.2 Ground state depletion  
Super-resolution of     centres in NDs based on GSD is explored [70]. A Gaussian beam at 
594 nm wavelength is implemented as an excitation source. A doughnut beam at 638 nm 
wavelength put the     centres in a metastable dark state. Inside the doughnut, the 
fluorescence remains unaffected [70]. The fluorescence is time gated in order to increase the 
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signal to noise ratio (SNR) of the collected fluorescence [70]. The cross sections of the 
superresolved image have the FWHM values of 57 nm and 41 nm for the x-axis and y-axis, 
respectively (Fig. 2.12) [70].  
 
Fig. 2.12. GSD image: (a) Fluorescence image of a single      centre measured through 
GSD, the image size is 250 nm by 250 nm with 5 nm per pixel. (b) Cross sections of the 
measured fluorescence image with FWHM values of 57 nm and 41 nm for the x-axis and y-
axis, respectively [70]. 
The GSD method requires high power laser beam intensities and does not allow imaging of 
cellular dynamics because it is based on scanning supper-resolution approach. 
2.4.2.3 Deterministic emitter switch microscopy technique 
Deterministic emitter switch microscopy (DESM) takes advantage of the ODMR stimulation 
to modulate the fluorescence of     centres in NDs [71]. 
The method is explored in two imaging modalities: confocal imaging for optimal resolution 
and contrast and wide-field imaging for higher resolution of hundreds of     centres 
simultaneously. In the confocal modality, two     centres with resonant dips at   and    
are resolved. The region of interest is scanned at three different frequencies. Thus the 
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difference between the images where     centres are resonantly and not resonantly excited 
is taken:         and        . A symmetric Gaussian fit of the subtracted images is 
then performed:                             . With the DESM technique in the 
confocal modality, two     centres separated by 195 nm distance are reconstructed (Fig. 
2.13).  
In order to simultaneously resolve hundreds of     centres, the DESM technique is also 
performed in wide-field modality (Fig. 2.14). Two resolved     centres separated by 22 nm 
distance are reported with DESM applied in wide-field modality [71].  
 
 
Fig 2.13. DESM technique in the confocal modality: (a) A ND containing     centres is 
characterised by an ODMR signal with two dips at two different frequencies. (b) (Left) 
Confocal images of the same ND at three different frequencies. (Centre) Image subtraction. 
(Right) A symmetric Gaussian fit of the resulting images is performed. (c) Superresolved 
image of two     centres separated by 195 nm distance. Adapted from Ref. [71].  
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Fig 2.14. DESM technique in the wide-field modality: (a) A wide-field image of     
centres. (b)  ODMR spectrum of six     centres and superresolved images of     centres 
after applying the DESM technique. Adapted from Ref. [71].  
 
 
2.4.2.4 Blinking nitrogen vacancy centres and super-resolution images  
Photoluminescence intermittency, or blinking, is observed for the first time in HPHT NDs 
obtained via detonation [72]. This manifestation is  attributed to the strong influence of the 
local environment such as local crystal disorder in NDs and to the possibility that surface 
functional groups could trap emitted photons, causing blinking [22, 72, 73]. If the emitted 
photons are permanently captured by the external traps, an    centre remains in a ‘dark’ 
state [22]. In Fig. 2.15(a) an example of fluorescence blinking is illustrated. The photon 
counts distribution registered for 2 seconds for one     centre displaying intermittent 
luminescence is also depicted in Fig. 2.15(b).  
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Fig. 2.15. Blinking luminescence for a single    centre: (a) Intermitting behaviour 
observed in a single     centre in 4 ms. The red line represents the “on” and “off” threshold 
for the analysing of the emission statistic. (b) Two Gaussian functions are fitted to the “on” 
and “off” photon distributions. Adapted from Ref. [72].  
 
 
It is possible to distinguish an “on” state characterised by photon emission and an “off” state 
at the level of the background signal, where no photon emission from the    centre is 
recorded. Observations of intermittent photoluminescence (PL) have been reported in     
centres down to 5 nm discrete NDs at room temperature [72]. 
The blinking phenomenon occurs when an oxidation process is performed [74-77]. The 
number of blinking centres during two oxidation processes, to remove the tight amorphous 
carbon (   ) layers and expose the NDs (   ) cores, increases [22]. Also different 
environment configurations can change the number of blinking    centres; borosilicate 
(BK7) inhibits continuous emission in favour of intermittent photoluminescence, while a 
silica interface promotes continuous emission [22].  
The blinking phenomenon and the associated non bleaching property of NDs have enabled 
the super-resolution of single     centres within a single ND at a sub-20 nm resolution [78]. 
Compared with other fluorescent dyes,     centres show photostability at the highest 
irradiance fluescence, and blinking for more than 100 cycles without bleaching. In Fig. 2.16 
the comparison between a wide-field image and the reconstructed super-resolution image of 
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blinking NDs is illustrated. The cross section plot of the same area clearly shows a separation 
of 20 nm between two     centres that are not visible with wide-field optical imaging. The 
error of the localisation of the centroids position is given by 
                                                                √             ,                                                 (2.3)                                  
where s is the standard deviation of the point spread function, a is the pixel size in the image 
and N is the total number of photons collected. The system drift is corrected by using a home-
made algorithm [79] and the measured accuracy is 12 nm. 
 
Fig. 2.16. Super-resoltion based on blinking NDs: (a) Wide-field optical image of NDs. (b) 
Super-resolution image of two      centres. (c) Comparison between the cross section of the 
ND highlighted in the wide-field image and the cross section of the superresolved      
centres (d) The zoomed in view of the cross section of the superresolved image; the distance 
between the two      centres is 20 nm. Adapted from Ref. [78]. 
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2.5 Magnetometry with nitrogen vacancy centres 
2.5.1 Nitrogen vacancy centres as magnetic sensors 
The detection of weak magnetic fields at the nanoscale has a critical importance in science 
and technology. Novel devices that are ultrasensitive to magnetic fields, such as 
superconducting quantum interference devices (SQUID) and atomic magnetometers, have 
been introduced [80]. These systems needs to work in cryogenic conditions with  dense gas 
medium as a probe, and they lack the spatial resolution of optical microscopes. Due to their 
opto-magnetic properties,       centres have opened up the possibility of room temperature 
magnetic field sensing combined with subdifraction limited imaging. In the following section 
we review the work that has been conducted in the field of optical magnetometry based on 
     centres.   
In 2005, Chernobrod and Berman proposed a scanning probe constituted by a single spin as 
magnetic sensor, close to the magnetic target [81]. The exeptional properties of     centres 
[23, 34] made possible the development of the proposed idea [30, 31]. Many experimental 
and theoretical works have followed to further demonstrate the application of     centres for 
nanoscale magnetic sensing [26-31].  
As discussed before, Eq. (2.2) describes the dependence of the ground spin states on an 
external magnetic field [54].  Eq. (2.2) can be expanded in terms of components of the spin 
operator vector  ⃗  as [57] 
                              
     (  
    
 )                (         ) ,        (2.3) 
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where     and     are the zero field splitting parameters,   ,   , and    are the Pauli 
matrices,    is ground state g-factor and   the Bohr magneton [57]. The terms     
  
         correspond to    and the terms    (         ) correspond to   [57].  
In case of the weak magnetic field regime we consider      . Under this circumstance, 
the resonance frequencies are given by [57] 
                                                                                                                    
(2.4) 
From Eq. (2.4) the magnetic field is calculated with the following [57] 
                                                              
     
     
                                            (2.5) 
This formula is valid when       
    
   is much smaller than 100 mT [57].  
For strong magnetic fields, the condition       is not verified anymore. Under this 
circumstance it is still possible to calculate the magnetic field from the ODMR frequencies 
[35]. In this thesis we will focus on the detection of weak magnetic fields with     centres 
which constitute the most appealing part in the field of magnetometry with      centres. 
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2.5.2 Magnetic sensitivity of nitrogen vacancy centres  
For continuous magnetic fields, the magnetic field sensitivity is defined as the minimal 
continuous magnetic field detectable for a SNR of one. The sensitivity is mathematically 
expressed as [57] 
                                                     √   
√  
  
  ⁄
 
 
   
  
 √  
 ,                                (2.6) 
where    represents an infinitesimal magnetic field variation,    is the detection efficiency, 
   is the FWHM of the ODMR signal,   is the ODMR contrast and is a fixed parameter. The 
magnetic field sensitivity can be improved by reducing the ODMR linewidth or by increasing 
the detection efficiency of the imaging system [57]. The limit of the ODMR linewidth is 
fixed by the inverse of the inhomogeneous dephasing time of the     centres electron spins, 
  
  . Reaching this limit is not straightforward since the readout laser beam and the driving 
mw field induce power broadening of the ODMR lines [57, 82].  
Another method to measure continuous magnetic fields with an     centre magnetometer is 
by monitoring the changes in the spin precession by using a Ramsey pulse sequence [26].  
After an optical excitation pulse polarises the     centres spin into the | ⟩ state, a mw π/2 
pulse prepares the spins in an equal superposition state. The spins precess during a fixed 
evolution time τ accumulating a phase         with B the magnetic field applied and 
           the       centres electronic spin gyromagnetic ratio. 
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The sensitivity η of a     centre magnetometer that uses a Ramsey sequence to measure 
alternating current (AC) magnetic fields can be mathematically expressed as [83] 
                                                             
 
   
 
√   
 ,                               (2.7) 
where   is the reduced Planck constant,    is the spin-coherence time and   is measurement 
time [83]. The magnetic sensitivity that has been demonstrated for an ultralong spin-
coherence time (       ) is       √    [35]. 
The Hahn-echo decoupling sequence can be implemented to reduce the effect of spin 
dephasing due to random noise from the environment [83]. Inhomogeneous spin dephasing 
can be further reduced by using more complex dynamical decoupling schemes to periodically 
flip the direction of the sensing spin [84, 85]. A single    centre in high purity diamonds is 
capable of detecting magnetic fields as low as    nT by using an Hahn-echo sensing scheme 
[35]. Such a high sensitivity has enabled the imaging of magnetic fields from a single 
electron spin as well as the magnetic detection of small nuclear spin ensembles [57, 86-88]. 
Pulsed magnetometry has demonstrated the highest sensitivity to weak magnetic fields, but 
the method is relatively complicated as it requires synchronised operations with radio-
frequency driving fields [3, 31].  
2.5.3 Application: magnetism in biology 
Magnetometry with     centres has successfully been demonstrated to have applications in 
life science [4, 89]. Magnetic images of magnetotactic bacteria (MTB), a biological model 
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composed by particles of magnetite and greigite, are reconstructed [4]. The bacteria are 
cultured to adhere on a bulk diamond substrate. The magnetic field is reconstructed by 
measuring the ODMR signal of     centres while applying an external magnetic field of 37 
G (Fig. 2.17).  
 
Fig. 2.17. Wide-field optical and magnetic images of magnetotactic bacteria: (a) Bright 
field image of dried MTB on the bulk diamond platform (b) Image of the magnetic field 
projection along the [111] axis of     centres. The outlines indicate the MTB locations 
determined from (a). Adapted from Ref. [4]. 
The vector magnetic field is determined for all the cartesian directions by rotating the applied 
external magnetic field in turn along each of the four     axis [4]. The optical images of the 
magnetic field distribution are reconstructed with high spatial resolution (400 nm) in wide-
field configuration [4] (Fig. 2.18).  
The presented method could be applied to a variety of biological systems to study for 
example the firing of the neural cells, immune responses or localisation of molecules tagged 
with specific spin labels.  
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Fig. 2.18. Determining the magnetic moments of individual bacteria: (a) Bright-field 
image of a MTB. (b–d) Measured magnetic field projections along the (x,y,z) axis (e) 
Scanning electron microscope (SEM) image. (f-h) Simulated magnetic field projections along 
the (x,y,z) axis  and assuming the magnetic nanoparticle locations match those extracted from 
(e). Adapted from Ref. [4]. 
 
Reconstruction of magnetic fields produced by magnetic nanoparticles (MNP) with diameter 
of 20 nm labelling cancer cells is demonstrated with a bulk diamond [90].  In the experiment, 
MNPs, stained with a fluorescent dye, are implemented to label only cancer cells. It is 
possible to localise and distinguish the cancer cells from the other cells by observing the 
fluorescence of the labelling dye (Fig. 2.19(a)). The magnetic images (Fig. 2.19(b)) are 
reconstructed by measuring the difference in the frequencies of the two ODMR transitions for 
each     centre with and without an external magnetic field applied. The reconstructed 
magnetic signal is in the order of 3 µT [90].  
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Fig 2.19. Wide-field imaging of cells: (a) Bright field image of cancer cells marked with 
MNPs and with a fluorescent dye. (b) Magnetic field image of the same field of view shown 
in (a), with all magnetically labelled cells producing characteristic dipole-like patterns. 
Adapted from Ref. [90]. 
 
2.6 Neural network study with nitrogen vacancy centres 
Theoretical calculations and model experiments have predicted that magnetometry with     
centres, in a wide-field configuration, is capable of imaging planar neuron activity non-
invasively with millisecond temporal resolution and micron spatial resolution [57, 91, 92]. 
Therefore,     centres could be applied to study neural networks and the firing of neural 
cells, which gives insights into the human brain activity [93]. 
In neuroscience, a biological neural network or a neural pathway is a series of 
interconnected neurons. It is important to map the synaptic connectivity at multiple scales in 
order to understand the functionality of a neural network. When imaging a neural network, 
the resolution should account for the smallest neurite diameter [94]. Electron microscopy 
(EM) accounts for the highest resolution for the accurate identification of synapses.  With 
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EM is also possible to achieve 3D images, for example volumetric reconstructions of a 
synaptic contact between an excitatory axon and a dendritic spine in a mouse (40 nm) [94]. 
Due to the sample preparation, with EM is impossible to label the synapses to study their 
functional properties. Further, it is difficult to achieve high density immuno-gold labelling.  
Fluorescence microscopy allows multiple protein species to be efficiently labelled and 
simultaneously imaged in 3D with nanoscale resolution [95, 96].     centres in NDs can be 
employed for a complete study of neural networks because of their spin dependant 
fluorescence. Currently     centres in NDs have been applied to study the formation and 
patterning of neural networks and to label and track neurons [92, 97, 98].     centres in bulk 
diamonds have been also employed for the detection of the action potential by measuring 
ODMR signals [93]. 
Formation of neural network. NDs are tissue equivalent (carbon-based), not toxic and their 
surface can be functionalised. Therefore, monolayer of NDs can be implemented on different 
substrates to support the formation of a functional neuronal network. Four different substrates 
treated with monodispersed NDs are used. In absence of NDs, the confocal images (Fig.2.20 
(a)) show no cell attachment and growth on the glass substrate. Once a ND layer is deposited, 
it is possible to see the attachment and the growth of a neural network in all the substrates 
(Fig.2.20 (b)) [97]. The SEM images confirm the development of a neural network on the top 
of NDs substrates (Fig. 2.20(c)). In order to verify if the developed networks are also 
functional, the electrically excitability is investigated by measuring the electric tension across 
an excited neuron with a current clamp configuration (Fig. 2.20(d)) [97]. 
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Fig. 2.20 Neuronal growth on ND-coated substrates: (a) Uncoated glass substrates. (b) 
NDs coated on the glass substrates. Neurons are attached on NDs coated substrates. (c) SEM 
images of a biological neural network that develops on NDs substrates. (b) Testing the 
functionality of a neural network in current clamp configuration. 100 pA current is injected 
on a neuron and it is possible to record a voltage signal. Adapted from ref. [97]. 
 
Patterning neural network. A photolithography method is implemented to fabricate patterns 
of NDs. Neuronal cultures are grown on the top of the patterned substrate. Fig. 2.21(a) shows 
the fabricated grid, where the grid pitch is 200 μm. The black areas are filled with NDs. The 
atomic force microscope (AFM) image of the tracks made with HPHT spin coated NDs on a 
glass substrate is illustrated in Fig. 2.21(b) [98]. From the confocal images in Fig. 2.21(c) it is 
possible to observe neurons following NDs tracks down to at least 10 μm [98]. Neurons can 
form ordered networks in comparison to an unpatterned mask area (Fig. 2.21(c-vi)) where the 
cells are not fasciculate [98].  
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     𝜙𝑖𝑛  𝑠𝑑𝜙𝑖𝑛 t
 
 
 
Fig. 2.21 NDs patterning with a photolithography mask and confocal images of neural 
cultures on a NDs pattern: (a) NDs grid pattern fabricated with photolithography, grid pitch 
is 200 μm. (b) AFM image of NDs track in the pattern. (c) Confocal microscopy images of 
neuronal cultures on patterned glass substrates. Adapted from ref. [98]. 
Sensing of the action potential. The electrical potential associated with the passage of an 
impulse along the neurons is called action potential (AP). Different techniques can be 
implemented for the measurement of APs. Electrophysiology is a recording method with 
patch clamping configuration that remains the gold standard for the measurement of 
individual APs. It has excellent SNR and good temporal resolution but the spatial resolution 
is limited to ~10 µm.  
The optical techniques to measure APs offer many advantages, but typically they require high 
power which can cause photo-damages to neurons. Also the voltage-sensitive fluorescent 
proteins must be genetically expressed, which may alter the neuronal functions. Due to their 
optical and magnetic properties,      centres in bulk diamonds have been implemented to 
measure APs of a giant axon in an invertebrate Myxicola infundibulum (M. infundibulum) 
[93]. Electrophysiology measurements are simultaneously taken as a comparison with the 
magnetic data measured with      centres.  
The bipolar azimuthal magnetic field associated with an AP is depicted in Fig. 2.22(a), in the 
inset is the energy level of     centres. A light beam at 532 nm wavelength is applied to the 
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sensing      centre layer through the diamond at a sufficiently shallow angle that the light 
reflects off the top diamond surface and therefore does not irradiate the living sample (Fig. 
2.22(b)) [93]. The magnetic field from the measured AP via electrophysiology can be 
mathematically expressed as [93] 
                                                        (t): B(t)=        t  ,                                                           (2.9) 
where s is a scaling constant dependent on geometrical parameters (axon radius  _ , radial 
distance of the field point to the axon centre ρ) and electrophysiological axon parameters (AP 
conduction velocity  _ , axoplasm electrical conductivity σ) [93].   
 
 
 
 
 
 
Fig. 2.22 Experimental overview:  (a) Schematic of the bipolar azimuthal magnetic field 
associate to a giant axon. In the inset the energy level diagram of an     centre. (b) 
Schematic of the microscope implemented for the magnetic measurements. (c) Measured AP 
voltage with electrophysiology measurement. (d) Calculated magnetic field with Eq. (2.9). (e) 
Measured magnetic field with     centres. Adapted from ref. [93]. 
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The measured AP voltage and the calculated magnetic field are illustrated in Fig. 2.22(c,d-e). 
The measurements with      centres are consistent with the prediction [93].  
With      centres is also possible to measure the AP propagation direction at a single point 
(Fig. 2.23) [93]. The results lay the groundwork for real-time, noninvasive 3D magnetic 
mapping of functional neuronal networks, ultimately with circuit-scale (~1 cm) field-of-view. 
 
Fig. 2.23 Single-point sensing of action potential propagation direction and conduction 
velocity exterior to whole live organism: (a) Cartoon of the cross section of a live worm. 
An AP voltage is typically identical for posterior stimulation (left propagation) and anterior 
stimulation (right propagation). (b) Expected AP magnetic field time trace for posterior and 
anterior worm stimulation and (bottom) measured magnetic field for posterior and anterior 
stimulation. Adapted from ref. [93]. 
Labelling and tracking of neuronal differentiation. A model of embryonal carcinoma stem 
(ECS) cells is labelled with fluorescent NDs, the cells are differentiated into neurons by 
retinoic acid induction [92]. To distinguish the undifferentiated cells from the differentiated 
ones, the stage-specific embryonic antigen (SSEA-1) in the undifferentiated ones is indicated 
with the yellow colour and the b-III-tubulin in the differentiated ones shows green colour 
(Fig. 2.24(a-b)) [92]. Fluorescent NDs are observed in the cytoplasm of undifferentiated ECS 
and the differentiated neurons [92]. 
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Fig. 2.24 Detection and location of NDs in ECS cells: (a) ECS cells treated with NDs. In 
red is the fluorescence intensity of NDs excited with light at wavelength 580 nm. The 
emission is collected in the wavelength range of 600–700 nm. In blue is the nucleus of the 
cell and in yellow the SSEA-1. (b) Differentiated neural cell. Fluorescent NDS are observed 
in the cytoplasm of undifferentiated ECS and differentiated cells. Adapted from ref. [92]. 
 
2.7 Summary 
In this chapter, we have made a detailed review on the previous efforts in the field of super-
resolution optical imaging and magnetic sensing that are highly related to this thesis. 
    centres have been extensively used for imaging, sensing and quantum bit manipulation 
due to their  outstanding optical and magnetic properties. The opto-magnetic properties of 
fluorescent stables     centres have been reviewed. In this thesis, we focus primarily on 
    centres in blinking NDs. This is motivated as small probes are of paramount for 
biomedical applications and photoluminescence intermittency is often present in small NDs 
whose size reduction is achieved by oxidation. The characterisation of the optical and 
magnetic properties under blinking conditions is still elusive so far.  The first evidence of 
ODMR signal in blinking NDs will be demonstrated in Chapter 3. Additionally we will 
demonstrate the advantageous effect of a high temperature oxidation on the magnetic 
sensitivity of blinking NDs. 
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Super-resolution techniques based on     centres in bulk diamonds and in NDs have been 
discussed. Super-resolution imaging in conjunction with spin readout has been at the centre 
of many proposed work for advancing optical magnetic imaging at the nanoscale [19, 20, 61, 
65, 71]. Up to this point super-resolution of single     centres in blinking NDs through 
microwave manipulation of the electron spin have not been investigated. A novel super-
resolution method capable of imaging and parallel readout of the     magnetic sensitive 
spin in blinking NDs will be demonstrated in Chapter 4. 
Thirdly, optical magnetic imaging of live cells with     centres is discussed. It still remains 
a compelling challenge to readout magnetic field with nanoscale spatial resolution [4, 90, 93]. 
Finally, the application of     centres to study artificial and biological neural network is 
reviewed. The magnetic capabilities of NDs will be investigated in Chapter 5. In Chapter 6, 
our newly developed super-resolution method will be implemented for nanoscale 
reconstruction of the local magnetic fields generated from biological cells. 
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Chapter 3 Oxidation processes of nanodiamonds  
3.1 Introduction 
The aim of the thesis is to apply negatively charged nitrogen vacancy (   ) centres in 
blinking nanodiamonds (NDs) for sub-diffraction limited magnetic imaging. Before this can 
be done effectively, the optical and magnetic properties of     centres in blinking NDs need 
to be well understood.  
Here we focus primarily on the blinking consequent to an oxidation process [99]. This is 
motivated as small probes are a common need in biomedical imaging and photoluminescence 
(PL) intermittency is often present in small NDs whose size reduction is achieved by 
oxidation. However, it remains unclear whether blinking NDs can exhibit the optically 
detected magnetic resonance (ODMR) signal, which is of great significance for the 
development of a super-resolution optical imaging method combined with magnetic sensing 
capabilities at the nanoscale.  
We present a thorough study on the effect of an oxidation process on the number of      
centres in NDs and their opto-magnetic properties. With a home-built confocal microscope, 
we measure the fluorescence dynamics, the second-order autocorrelation function and the 
ODMR spectra for different NDs before and after oxidation at 450°C for 2 h and 30 min at 
600°C. The size variation due to the etching of the surface of NDs is measured with an 
atomic force microscope (AFM). We also report on the first measurement of the spin state 
transition in blinking NDs by recording the ODMR signal during the     centre “on” time.  
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Finally, by performing an oxidation at 600°C for 2 h, we demonstrate an effective method to 
reduce the ODMR linewidth    reported in Eq. (2.6), which is responsible for the magnetic 
sensitivity of NDs. 
3.2 Effect of oxidation on the size of nanodiamonds 
3.2.1 Experimental details 
For this experiment, a suspension of high pressure high temperature (HPHT) NDs nominally 
70 nm in size [78], acid cleaned and diluted in MilliQ solution is used. A sonication 
procedure for 20 minutes is implemented to de-agglomerate the NDs. A volume of 20 µl ND 
solution (1:200 diluted in MilliQ water), is drop cast on oxygen asher plasma cleaned 
borosilicate coverslip and dried in air. Oxidation at 450°C for 2 h and 600°C for 30 min in a 
high temperature furnace is implemented to increase the number of blinking NDs by 
removing the superficial carbon atoms layer and eventually leaving the     centres close to 
the surface of NDs. Moreover, the high temperature treatment further improves the cleaning 
by removing the organic substances deposited on the coverslip. 
The size of NDs is studied with a commercial atomic force microscope (AFM). Three 
randomly chosen areas on the AFM topography of the sample are analysed to measure the 
size of the imaged NDs with NT-MDT software (NT-MDT Spectrum Instruments, Moscow, 
Russia) [100].  
In order to correlate the size reduction process and the increasing of the blinking probability, 
NDs are imaged using a wide-field microscope (NIKON, Tokyo, Japan) with a 100× oil-
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immersion objective of numeric aperture (NA) 1.4 (Fig. 3.1).  The wide-field camera is a 
cooled electron multiplying charge coupled device (EMCCD) ((Andor, iXon X3 897, Andor 
Technology Ltd, Belfast, UK) at      . The exposure time is set to 30 ms.     centres are 
excited at 532 nm wavelength and the fluorescence is collected at 700 nm wavelength. 
 
Fig. 3.1. Wide-field microscopy setup: Schematic of the home-built wide-field microscope 
used to image NDs before and after oxidation.  
 
3.2.2 Size characterisation 
A total of 100 NDs are imaged with a wide-field microscope (Fig. 3.1) to measure the 
fluorescence. The size of NDs is determined with an AFM microscope. Before oxidation, the 
fluorescence is stable. At short exposure time (30 ms) the observed blinking 
photoluminescence probability of NDs is around 1%.  The average size is measured to be 
(67.5±12.5) nm, as showed in Fig. 3.2.  
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After oxidation at 450°C for 2 h and 600°C for 30 min, the blinking phenomenon occurs as 
illustrated by the time lapse images in Fig. 3.3(a). When setting the camera to short exposure 
time (30ms), the number of blinking NDs increases to around 60%. Fig. 3.3(b) shows the 
AFM image after oxidation. The average final size of NDs is reduced to (42.5±12.5) nm (Fig. 
3.3(c)) [99].  
 
Fig. 3.2. Size and fluorescence characteristics of NDs before oxidation: (a) Image stack 
showing NDs with stable fluorescence in time. (b) AFM image of the sample area of 1x1 µm 
(c) Occurrence versus size before oxidation [99]. 
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Fig. 3.3. Size and fluorescence characteristics of NDs after oxidation: (a) Image stack 
showing blinking NDs. (b) AFM image of the sample area of 1x1 µm (c) Occurrence versus 
size after oxidation [99]. 
3.3 Effect of oxidation on the number of nitrogen vacancy centres 
3.3.1 Experimental details 
A quantitative study of the number of     centres is performed with a home-built confocal 
microscope. A linearly polarised beam at 532 nm wavelength is implemented as an excitation 
source. The laser beam is focused onto the sample through a 1.4 NA oil immersion lens.  The 
PL is either passed through a multimode fiber and detected with a single photon avalanche 
diode (SPAD) for measuring the blinking dynamic or coupled into two separate SPADs via a 
fibre beam splitter, to measure the correlation data with a Hanbury Brown and Twiss (HBT) 
test [99]. The schematic of the home-built confocal setup used for imaging NDs is depicted in 
Fig. (3.4). 
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Fig. 3.4. Confocal microscopy setup: schematic of the home-built confocal microscope used 
to image NDs before and after oxidation. The photon counts are also measured. 
A HBT setup consists of a 50/50 beam splitter (BS) and two SPADs at the transmission and 
reflection outputs of the beam splitter (Fig. 2.3). By studying the correlation between events 
at the two SPADs, it is possible to determine whether photons incident on the HBT setup are 
antibunched. The time delay between two photons is converted by a time correlated single 
photon counting (TCSPC) system into a voltage which is digitalised by a computer board 
[101]. 
 
3.3.2 Number of nitrogen vacancy centres  
 Before oxidation, a ND is selected within the imaged region of the sample. The measured PL 
is stable. Further, at the zero delay the second-order autocorrelation function describes the 
presence of multiple     centres in the focal region. In this case, the value   (0) ≈ 0.55 
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indicates a ND containing 2     centres. In Figs. 3.5(a-b) the confocal image and the HBT 
test before oxidation are illustrated.  In the dashed oval is highlighted the ND selected for the 
measurements. 
Based on the rate equations for a 3-level system [101, 102], the experimental data of   (τ) 
are fitted with the following exponential decay function 
                                             (
  
  
)       (
  
  
) ,                               (3.1) 
with A the amplitude of the function,    and    the time constants,  and    the offset. The 
fitting is performed for            and for          . 
 
Fig. 3.5. Study of the number of     centres before oxidation: (a) Confocal image of 
NDs before oxidation. (b) Second-order autocorrelation functions       describing 2     
centres before oxidation [99]. 
For the same ND, the PL is measured after oxidation. The exposure time of the SPAD 
detector is set to 30 ms. The intensity trace shows “on” “off” stochastic blinking (Fig. 3.6(a)). 
The two “on” “off” state distributions are also evaluated with a histogram of the photon 
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counts per time bin (Fig. 3.6(b)). Two Gaussian functions are respectively distributed around 
the “on” state values of the PL and the “off” state values which correspond to the level of the 
background signal.  
 
Fig. 3.6. Blinking ND: (a) PL time intensity trajectory and (b) histogram of photoncounts for 
a blinking ND. (c)  Plots of the occurrence versus “on” time duration and (d) “off” time 
duration.  
An “on” and “off” blinking duration study is carried out. To calculate the “on” time duration, 
a threshold is set. The threshold corresponds to the background intensity value 
(t                 t       t ). The “on” blinking events are the photon counts values 
above the threshold.  
An “on” event duration is calculated by multiplying the value of the exposure time (30 ms) 
for the number of consecutive “on” events. If an “on” event is followed by an “off” event, the 
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multiplication stops. The multiplication starts again when new consecutive “on” events are 
registered.  A histogram of the calculated “on” events duration is plotted in logarithmic scale 
for the y-axis.  
The same method is followed to calculate the “off” events duration. The “off” blinking events 
are the photon counts values below the threshold.  A linear curve fit is performed by using the 
following mathematical function 
                                                                            .                   (3.2) 
 
The fitting is plotted in logarithmic scale and shows power law mechanism distribution 
with         ,           and         ,           ( Fig. 3.6(c-d)) [103, 104].  
The calculated slopes for the blinking kinetic emission can be justified as description of the 
electron tunneling phenomenon [22, 72, 104, 105] that occurs when     centres are exposed 
in the proximity of the borosilicate coverslip after removing the amorphous carbon layer on 
the surface of NDs with oxidation.  
After measuring the blinking fluorescence, the HBT test is performed to study the number of 
    centres within the oxidised NDs. Figure 3.7(a) illustrates the confocal image of the same 
area after oxidation. A dramatic reduction in size of the ND highlighted in the dashed circle is 
observed with the confocal microscope. It is due to the rapid etching of non-diamond material 
and organic material during oxidation [74]. 
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The second-order autocorrelation function has a dramatically decrease at zero delay, as 
showed in Fig. 3.7(b). The    curve is fitted to a 3-level system with Eq. (3.1) [101, 102]. 
The measured value is   (0) <0.5 which indicates a single    centre within the selected 
ND. This result is in agreement with the PL measurement (Fig 3.4(a)) which shows a two 
state distribution, typical of single emitters. The observed change of the antibunching 
characteristics after oxidation is caused by different powers of the excitation employed for 
the HBT experiment. 
 
Fig. 3.7. Study of the number of     centres after oxidation: (a) Confocal image of NDs 
after oxidation. (b) Second-order autocorrelation functions       describing two     centres 
after oxidation [99]. 
The HBT measurement clearly shows that the size reduction affects the number of     
centres. After oxidation, a reduced number of     centres exposed to the nano-enviroment 
(when the surface layer is removed) leads to a decrease in fluorescence counts for the “on” 
state of the blinking NDs. 
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3.4 Optically detected magnetic resonance measurement in 
blinking nanodiamonds 
3.4.1 Experimental details 
A home-built confocal microscope is implemented to measure the ODMR signal with a 
continuous wave (CW) light beam at 532 nm. A 100× oil-immersion objective of NA 1.4 is 
used to focus the excitation light down onto the sample. The fluorescence is collected from 
the same objective lens and sent to a SPAD detector by a single mode fiber (Fig. 3.8). 
 
Fig. 3.8. Confocal microscopy setup combined with the instrumentation for the ODMR 
experiment: Schematic of the home-built confocal microscope used to image NDs and for 
the ODMR measurement [99]. 
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Special coverslips are fabricated in order to deliver to NDs the microwave (mw) stimulation 
necessary for the ODMR measurement [106].  
A conductive pattern is fabricated with 3 nm titanium (Ti) and 60 nm gold (Au) on the glass 
(BK7) cover slips. With UV light, the desired pattern is imprinted with a mask on the top of 
the cover slip coated with a photoresist (AZ1518). After washing out the photoresist in a 
developer, 3 nm of Ti and 60 nm of Au are coated with an electron beam evaporator machine. 
Finally, after 30 minutes of lift off procedure in isopropyl alcohol the cover slip is ready to 
use. The final pattern has the shape of two triangles connected in the middle by a 20 µm gold 
wire. 
The coverslip is placed on a microscope slide to guide the mw signal. To improve the 
connectivity between the copper from the microscope slide to the gold pattern on the 
coverslip, a silver conductive paint is used. One end of the microscope slide is connected to a 
mw amplifier (Ophir 5181, Ophir RF, Los Angeles, California) and a mw generator (Agilent 
N5183A MXG, Agilent, Santa Clara, California). The other end of the microscope slide is 
connected to an oscilloscope (Rohde & Schwarz RTO2004, Rohde & Schwarz, Munich, 
Germany) to monitor the mw radiation Fig (3.9). The oscilloscope allows to display the 
radiofrequency power in dBm. The radiofrequency power that we measure during the 
experiments is 0 dBm. 
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Fig. 3.9 Board and conductive pattern for mw stimulation of NDs: Board fabricated for 
mw stimulation. The cover glass with the gold pattern fabricated via photolithography is 
fixed with a silver conductive paint on the top of a microscope slide.  
 
 
 
3.4.2 Optically detected magnetic resonance 
Optical stimulation combined with mw application is implemented to understand whether the 
oxidation treatment can affect the electron spin properties of NDs, which are responsible for 
the ODMR signal. If a longer exposition time is considered (60 ms), the fast “on” “off” state 
fluorescence transition can be negligible and only the ODMR spin transition can be 
detectable. The ODMR signals measured before and after oxidation are showed in Fig. 3.10. 
The fluorescence is monitored as a function of mw frequencies. Before oxidation, the ODMR 
signal shows two dips at the resonance frequencies   2.855 GHz and   2.896 GHz, 
respectively. A Lorentz fit is performed on the measured ODMR signals by using the 
following function [34] 
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 ,                                                (3.3) 
with w the width of the peak,    the offset,    and A respectively the centre and the area of 
the peak. 
After oxidation, the fluorescence is monitored as a function of mw frequencies for the same 
ND. The ODMR is characterised by only one dip at frequency   2.859 GHz.  A Lorentz fit 
is performed on the measured ODMR signal by using the function in Eq. (3.3). Because each 
    centre exhibits a proper ODMR signal as spin state transition, a decreased number of 
    centres justifies the presence of only one ODMR transition measured for the selected 
ND.  
The depth of the dip appears to be stronger after oxidation. A shift in frequency between the 
measured ODMR signals is also recorded which can be described as redistribution of the 
energy sublevels in the ground state due to a changing of the strain conditions from the lattice 
once the oxidation process etches the superficial carbon layers of the ND. Subsequent 
measurements do not show similar trends. Therefore we attribute these effects to the photo-
physics of this particular ND. 
Further, the signal generator is set to the ODMR frequency frequency   2.859 GHz and the 
exposure time of the SPAD detector is set to 30 ms. At the ODMR frequency, the recorded 
fluorescence clearly shows “on” “off” intermittence that confirms the blinking phenomenon. 
The decreased photon counts are due to the effect of the resonance frequency. 
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Fig. 3.10. ODMR signal recorded before and after oxidation within the same ND:  A 
Lorentz fit is performed on the measured ODMR signals. In the inset of the figure the photon 
counts after oxidation at the ODMR frequency [99]. 
 
 
3.5 Effect of oxidation at 600ºC on the magnetic sensitivity of 
nanodiamonds 
3.5.1 Sample preparation 
For this experiment, a suspension of high pressure high temperature NDs of the average size 
of 70 nm [78] is used. A volume of 20 µl ND solution (1:200 diluted in MilliQ water), is drop 
cast on oxygen asher plasma cleaned coverslip coated with a conductive pattern (with 3 nm 
Ti and 60 nm Au) to deliver the mw stimulation to NDs for the ODMR measurement. 
Oxidation at 600°C for 2 h in a high temperature furnace is implemented to reduce the 
linewidth    of the ODMR signal, which is responsible for the magnetic sensing capability 
of     centres, as illustrated in Eq. (2.6) [57].  
 64 
 
3.5.2 Experimental details 
A study of the magnetic field sensitivity of NDs is performed with the home-built wide-field 
microscope depicted in Fig. 3.11. The excitation light at 532 nm wavelength is focused down 
onto the sample with 1.4 NA oil objective lens and the fluorescence is collected with a cooled 
EMCCD (Andor, iXon X3 897, Andor Technology Ltd, Belfast, UK) at      . 
An oxidation process at 600°C for 2 h is performed. Around 35% of the imaged NDs exhibit 
stochastic PL blinking. The ODMR signal is measured before and after oxidation. To 
measure the ODMR peak, 500 images at mw frequencies from 2.7 GHz to 3.0 GHz with an 
increment of 0.8 MHz [34,107] are captured. Each image frame is synchronised to a mw 
pulse and the dwell time of each mw pulse matches the exposition time of the EMCCD. A 
signal generator initialises the frame acquisitions by triggering the exposure sequence of the 
EMCCD [99]. An ODMR frequency is identified by integrating the fluorescence across 5 
pixels on the EMCCD [99].  
The magnetic sensitivity of NDs using Zeeman splitting is given by Eq. (2.5) [57, 108]. 
 
Fig. 3.11. Wide-field microscopy setup: Schematic of the wide-field setup implemented to 
measure the ODMR signal before and after oxidation at 600 ºC for 2 h. [99] 
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3.5.3 Magnetic sensitivity 
From Eq. (2.6) the magnetic field sensitivity can be improved by reducing the ODMR 
linewidth    or by increasing the detection efficiency    . 
The linewidth of an ODMR spectrum is limited by the spin impurities within NDs [57]. 
These impurities interact with the spin of each      centre (Fig. 3.12(a-b)). The effect of this 
spin bath is a randomly fluctuating magnetic field applied to the central single spin [57]. The 
distribution of this magnetic field is determined to be Gaussian [108]. The broadening of an 
ODMR spectrum also depends on the continuous laser light for spin polarisation and on the 
resonant mw field used for spin rotation [57]. For HPHT NDs, the typical paramagnetic 
impurities are mainly nitrogen atoms (in the order of hundreds part per million carbon atoms) 
[57].  
In order to reduce   , we perform an oxidation process. With an oxidation at 450° for 2 h no 
changes in    are observed (Section 3.4.2). Therefore, the oxidation temperature is increased 
to 600° for 2 h to remove the superficial nitrogen paramagnetic impurities of NDs and reduce 
   (Fig. 3.12(c-d)).  
In Fig. 3.12(e) we show the ODMR spectrum measured before and after oxidation for a 
selected ND. A Lorentz fit is performed on the measured ODMR signals by using Eq. (3.3) 
[93-95]. Before oxidation, the ODMR signal is characterised by two dips at frequencies 
  2.773 GHz and   2.872 GHz. The respectively linewidths are                and 
               After oxidation, only one ODMR dip is recorded at frequency   2.874 
GHz. A Lorentz fit is performed on the measured ODMR signals with Eq. (3.3). The 
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linewidth after oxidation is              . The presence of only one ODMR transition 
within the selected ND can be justified as a decreased number of     centres after oxidation 
as discussed in Section 3.3.2. This oxidation method to reduce the ODMR linewidth    will 
be used in Chapter 6. 
 
Fig. 3.12. Decreasing the linewidth of the ODMR signal:  (a) Schematic of a ND 
containing 2     centres before oxidation. (b) Schematic of paramagnetic impurities within 
a ND. Adapted from Ref. [57]. (c) Schematic of a ND containing 1     centre after 
oxidation at 600°C for 2 h. (d) Schematic of paramagnetic impurities within a ND after 
oxidation. Adapted from Ref. [57]. (e) Upper: ODMR before oxidation. The measured 
ODMR linewidth is              . Lower: ODMR after oxidation. The measured ODMR 
linewidth is             . 
 
 
 
3.6 Summary 
In conclusion, two different oxidation processes are performed and the effects on the opto 
and magnetic properties of     centres in NDs are systematically studied.  
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After an oxidation process at 450°C for 2 h and 600°C for 30 min we observe a size reduction 
of NDs. Around 30% of the imaged NDs exhibit stochastic PL blinking. A decrease in the 
number of     centres within NDs is also observed and single     centers in single NDs 
are obtained [99]. The feature of the ODMR signal is experimentally measured for the first 
time in blinking NDs. In addition, at the ODMR frequency the photon counts clearly show 
the fluorescence intermittence confirming the blinking phenomenon [99]. 
NDs with blinking fluorescence are also observed after performing an oxidation at 600°C for 
2 h. After this higher temperature oxidation process, the ODMR signal is still detectable. A 
comparison between the ODMR signals measured before and after oxidation is made. An 
ODMR dip with a reduced linewidth,              , is observed and it is attributed to the 
removal of the superficial nitrogen paramagnetic impurities within NDs after oxidation.  
These findings provide a new optical foundation for potential super-resolved optical magnetic 
imaging methods [99]. In the next chapter we investigate the effect of the ODMR signal on 
the blinking dynamics and spatial localisation of single     centres in blinking NDs. 
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Chapter 4 Spin manipulated nanoscopy for single 
nitrogen-vacancy centre localisation in nanodiamonds 
4.1 Introduction 
The study of the emitting behaviour of single nitrogen-vacancy (   ) centres at the 
nanoscale is of paramount importance and underpins applications ranging from quantum 
computation to super-resolution imaging. In this chapter we investigate for the first time 
super-resolution imaging based on the manipulation of the     centres electron spin at the 
optically detected magnetic resonance (ODMR) in blinking nanodiamonds (NDs). The 
method is called spin manipulated nanoscopy and it is applicable even in the presence of 
collective blinking [99]. 
4.2 Experimental details 
4.2.1 Sample preparation 
A suspension of high pressure high temperature NDs with an average size of 70 nm, which 
are acid cleaned and diluted in a MilliQ solution, is used [78]. A 20 min sonication procedure 
is implemented to deagglomerate the NDs. A 20 µl ND solution (1:200 diluted in MilliQ 
water) is drop cast on an oxygen asher plasma cleaned borosilicate coverslip and dried in air. 
A microwave (mw) signal for ODMR is delivered through a 20 nm titanium (Ti) plus 60 nm 
gold (Au) conductive pattern imprinted on the surface of the coverslip via photolithography 
process [106]. The mw pulses are generated from a mw generator (Agilent N5183A MXG, 
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Agilent, Santa Clara, California) and amplifier (Ophir 5181, Ophir RF, Los Angeles, 
California) connected to one edge of the conductive pattern [99]. 
Oxidation at 450°C for 2 h and at 600°C for 30 min in a high temperature furnace is 
implemented to increase the number of blinking NDs by removing the superficial carbon 
atom layer of the diamond nanoparticles, eventually leaving the     centres close to the 
surfaces of the NDs. When the     site is close to the borosilicate coverslip, photoexcited 
electron(s) tunnel from the surface-proximal NV-site to the electro-acceptor(s) located in the 
adjacent medium, promoting the blinking phenomenon [22, 104]. 
 
4.2.2 Spin manipulated nanoscopy  
The experiment is focused around the combination of a home-built confocal microscope to 
measure the number of     centres using the Hanbury Brown and Twiss (HBT) test and a 
wide-field microscope for the spin manipulated nanoscopy. A linearly polarised beam at the 
wavelength of 532 nm is used as an excitation source through a 1.4 numerical aperture (NA) 
oil immersion objective lens [99]. The excitation source at 532 nm has already been 
implemented to probe the ground-state triplet splitting of blinking nanodiamonds by 
performing the ODMR measurement which is of paramount for the development of the spin 
manipulated nanoscopy method [72].   
In the confocal configuration, the PL is coupled to two separate single-photon avalanche 
diodes (SPADs) via a fiber beam splitter to measure the correlation of the data with a time 
correlated single photon counting card and an HBT setup. In the wide-field configuration, a 
flip mounted lens directs the illumination light to the back aperture of the objective lens. The 
same objective lens collects the emitted fluorescent light and directs it to a cooled electron 
multiplying charge coupled device (EMCCD) camera (Andor, iXon X3 897, Andor 
Technology, Belfast, UK) at –80°C via a flip mounted dichroic mirror [99].  
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The wide-field experimental setup for the spin manipulated nanoscopy is schematically 
depicted in Fig. 3.11 [99].  
First, the time-sequential photoluminescence images of blinking NDs are acquired by 
exciting the NDs with a light beam at 532 nm wavelength (Fig. 4.1, upper).  
To measure the ODMR peak, each image frame is synchronised to a mw pulse generated 
from a signal generator, and the dwell time of each mw pulse matches the exposition time of 
the EMCCD camera. The signal generator is also used to initialise the frame acquisitions by 
triggering the exposure sequence of the EMCCD camera [99].  
We captured 500 images at mw frequencies from 2.6 GHz to 3.0 GHz with an increment of 
0.8 MHz [34, 107]. An ODMR frequency is identified by integrating the fluorescence of a 
5×5 pixel area from the EMCCD camera [99].  
Once the ODMR frequency is determined, spin manipulated nanoscopy can be implemented 
by continuously acquiring the blinking intensity of NDs while the signal generator provides 
the mw stimulation at that ODMR frequency (Fig. 4.1, middle). If the ODMR frequencies 
overlap, a uniform 1 mT external magnetic field is applied to split the dips (Fig. 4.1, lower) 
[99]. 
 
Fig. 4.1. Schematic of the spin manipulated nanoscopy method: Upper: Wide-field 
images of NDs. The blinking ND (in the dashed circle) shows two distinctive fluorescence 
intensity levels; Middle: Spin manipulated nanoscopy. Each image frame is acquired at the 
ODMR frequency; the exposure time is 30 ms. The blinking ND (in the dashed circle) 
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exhibits three distinctive fluorescence intensity levels; Lower: Spin manipulated nanoscopy 
when ODMR frequencies overlap. An external magnetic field of 1 mT is applied to split the 
ODMR dips; the exposition time is 30 ms. Similarly, the blinking ND (in the dashed circle) 
also exhibits three distinctive fluorescence intensity levels [99]. 
 
4.2.3 Particle detection, localisation and visualisation 
At the ODMR frequency a total of 500 blinking cycles are recorded without bleaching. A 
threshold is set and a new image stack with only the frames with one emitting     centre is 
built, the number of blinking cycles recorded is more than 200. QuickPALM algorithm is 
implemented to measure the position of each detected     centre using Gaussian fitting [99, 
109, 110].  
The first step of the reconstruction process is to validate that the imaged fluorescent spots is a 
potential valid     centre. There are three tests that an     centre needs to pass: image edge 
(if a part of the intensity profile of the spot is obscured by the image edge) 
saturation/clamping (if the intensity of the local spot is not saturated), already analysed region 
overlapping (if any of the pixels of the spot overlap with the region of an already previously 
analysed spot on the same image) [110].  
If these tests are passed, the algorithm starts to calculate the centre of spot coordinates (  ,  ) 
with the following mathematical formulas [110] 
                                            ∑            ∑        ⁄  ,                                       (4.1) 
                                            ∑            ∑        ⁄  ,                            (4.2) 
where i,j are the x-axis and y-axis indices for each pixel,      and      are the coordinates of 
the pixel in nanometers and      is the intensity of the pixel. 
The superresolved     centre is then reconstructed by calculating the following parameters 
[110] 
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                                 ∑                 ∑        ⁄             {     |       } ,             (4.3) 
                                 ∑                 ∑        ⁄             {     |       }  ,           (4.4) 
                                 ∑                 ∑        ⁄             {     |       }  ,           (4.5) 
                                 ∑                 ∑        ⁄             {     |       }  ,           (4.6) 
 
In the case of a single diffraction limited     centre, the point spread function is symmetric 
and the     centre can be approximate to a Gaussian model. 
The     centre x-axis and y-axis symmetry can be calculated with the following [110] 
 
                                                         
|     |
|     |
       
|     |
|     |
  .                                   (4.7) 
 
To correct the drift, one immobilised ND is selected in the image as a reference point [111]. 
Finally, the images are resized with ImageJ software (National Institute of Health, New York, 
USA) by using an integer scale factor equal to 4 and a bilinear interpolation.  
4.3 Spin manipulated nanoscopy of a single nitrogen vacancy 
centre 
After oxidation, a blinking ND is selected. The HBT test is performed to measure the number 
of     centres within the selected ND. The second order autocorrelation function has a value 
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at zero delay          , which indicates a single     centre within the ND host (Fig. 
4.3(a)) [99].  
For the same ND, the ODMR measurement is performed and a single dip at frequency 
            is illustrated in the inset of Fig. 4.2 (a).  
When the resonant mw    induces the transition from      to   = ±1, a low photon count 
rate is recorded during the “on” state of the acquired photoluminescence blinking (Fig. 
4.2(b)). The stochastic blinking associated with the ODMR frequency    enables the 
assignment of spin information to the nanoscale localisation. A super-resolved image of a 
single     centre, with a full width at half-maximum (FWHM) of 34 nm embedded within a 
single ND, is reconstructed (Fig. 4.2(c)). When an external B field of 1 mT is applied, the 
ODMR signal shows two dips respectively at the frequencies             and    
         (Fig. 4.2(d)). Spin manipulated nanoscopy applied at frequencies    and    allows 
potential super-resolution imaging and parallel readout of the     magnetic sensitive spin. 
Fig. 4.2(d) shows the superresolved image of the spin state       associated with the 
frequency    as well as the super-resolved image of the spin state       associated with 
the frequency   . The FWHM is 34 nm in both cases [99]. The spin manipulated nanoscopy 
method to resolve a     centre in a single blinking ND will be used in Chapter 6. 
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Fig. 4.2. Spin manipulated nanoscopy of a single     centre: (a) Second-order correlation 
function    t  of a single     centre after the oxidation treatment. In the inset, the ODMR 
signal shows one dip at frequency    after oxidation. (b) Stochastic “on” and “off” blinking 
and two state distribution of the photon counts per time bin recorded at the ODMR frequency 
  . (c) Zoomed-in view of the super-resolved single   
  centre with a FWHM of 34 nm 
embedded within a single ND at the ODMR frequency   . (d) The ODMR splits into two dips 
when an external B field of 1 mT is applied. Spin manipulated nanoscopy is applied at the 
frequencies    and   . (Upper) The super-resolved image of the spin state      , 
associated with the frequency   , and (lower) the super-resolved image of the spin state 
     , associated with the frequency   . The FWHM is 34 nm [99]. 
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4.4 Collectively blinking phenomenon 
Collective blinking has been observed before at the nanoscale in clusters of quantum dots 
[112], and recently, multiple     centres with cooperative light emissions have been 
observed                   The collective fluorescence emission is observed after the size 
of the NDs is reduced via oxidation [99].  
Collective blinking phenomenon occurs when a number of identical quantum emitters are 
confined in a volume of V<< λ3, where λ is the wavelength of the optical transition [115]. 
Due to the spatial confinement, the emitters are indistinguishable and couple to the same 
emission mode and each other via resonance interactions. The smaller the confined volume of 
the emitters, the greater the possibility that these emitters blink collectively.  
Here, we observed that the fluorescences of two     centres often appear to be coupled to 
each other, exhibiting a stochastic collective emitting behaviour  within the diffraction 
limited region. Only one distinguishable higher fluorescence level is observed, and this 
impacts the resolution of the localisation microscopy, which cannot distinguish between two 
events with cooperative fluorescence emission properties [99, 111]. 
Given mw excitation resonant with an ODMR frequency, it is possible to partially suppress 
the cooperative emissions of the blinkers; as the transition             is induced at 
the on-resonant     centre, two distinguishable higher fluorescence levels are observed in 
the blinking time trace. The higher level corresponds to the two     centres being in the 
photoluminescent “on” state. The middle fluorescence intensity level corresponds to one 
emitter in the “on” state while the other emitter is in the “off” state and vice versa [99].  
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The partial suppression of the collective blinking using mw excitation is understood, 
assuming that only the radiative transitions from the excited state to the ground state spin 
sublevels contribute to the collective emissions. The non-radiative transitions to the inter-
system levels crossing from the       spin states [116], which increase during the 
resonant mw stimulation, are not collective in nature. Additionally, the       spin 
transitions introduce dephasing in the collective emission modes coupled with the ND 
resonant mode [99,114].  
With spin manipulated localisation microscopy, we resolve, with a nanometric resolution, the 
collectively blinking     centres because each     centre exhibits a spin-dependent 
fluorescence [99].  
 
4.4.1 Monte-Carlo simulation of collectively blinking 
A Gillespie’s Monte-Carlo algorithm is performed to calculate the dynamics of the blinking 
photoluminescence of     centres in NDs [117]. The time dependent fluorescence traces are 
calculated for the case of stochastic collectively emission and for stochastic emission of two 
blinking     centres. The following are the rate equations implemented [99] 
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where P0 and P1 are the possibilities of     centres at ground and upper states and P+ is the 
probability of an     centre in an ionised state.  1 and A are the radiative lifetime and the 
Auger autoionisation lifetime of an     centres.+ is the lifetime for a trapped electron 
returning to the     centre.  W is the excitation rate, determined by the pump power density.  
The typical values used in the simulation are 1=5 ns, A=100 ns and +=1s [99].  
If the probability of no transition occurring is   ∑     
 
    during the time interval at t, then 
the probability that the system in one state will not undergo a transition is [117, 118] 
                                                                  {  ∑     
 
   }             .               (4.11) 
From which we can deduce the probability density that no transition will occur [117] 
                                                                  { ∑    
 
   }             .                      (4.12) 
The time increment is given by [117] 
                                                                                (
 
  
)    
 
  
    .                         (4.13) 
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And the transition which then occurs is determined using [117]  
                                                    ∑   
   
         ∑   
 
     ,                                   (4.14) 
where    and    are two random unit interval uniform numbers,    ∑   
 
    are all possible 
transition rates. Using (4.13) and the first random number   , we determine the time until the 
next reaction occurs, τ. 
A Monte-Carlo simulation of the stochastic collective emitting showing two     centres in 
the “on” state simultaneously is depicted in Fig. 4.3. Only one “on” fluorescence level is 
observed [99, 117]. 
 
Fig. 4.3. Dynamics of collectively blinking fluorescence: Monte-Carlo simulation of two 
collectively blinking     centres that simultaneously blink between the “on” and “off” states 
[99]. 
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A Monte-Carlo simulation of the stochastic emitting from two     centres is then performed 
and it shows three different intensity levels (Fig. 4.4). The analysis of the frames with one 
emitting     centre allows the localisation of the individuals [99, 111]. 
 
 
Fig. 4.4. Dynamics of the stochastic blinking fluorescence: A Monte-Carlo simulation of 
the stochastic blinking emission of two     centers. The trace shows three different intensity 
levels [99]. 
 
 
4.4.2 Collectively blinking nanodiamonds 
We have experimentally measured the collectively blinking fluorescence in NDs. During 
collective blinking, the     centres within the diffraction limited region cannot be optically 
resolved, although the total number of emitters is discernible using autocorrelation. Without 
losing the generality, for the collectively blinking ND in Fig. 4.5(a), we report the HBT 
measurement [46, 47]. The second order autocorrelation function           indicates two 
    centres within the diffraction limited region. The coupling between the adjacent     
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centres reveals a collective fluorescence emission with an “on” “off” blinking trajectory in 
time, and the photon count distribution (Fig. 4.5(b)) shows two well separated peaks 
describing the “on” and the “off” events for the two     centres, respectively [99]. 
 
Fig. 4.5. Collective blinking study: (a) Fluorescence image of NDs; the collectively blinking 
ND is in the red circle. The HBT test was performed to measure the number of emitters for 
the ND in the red circle. The result describes two     centres within the ND cluster. (b) The 
PL intensity “on” and “off” trajectories and photon count distributions for the collectively 
blinking ND [99]. 
 
 
 
4.4.3 A time study of collectively blinking nanodiamonds 
When an ND contains two collectively blinking    centres, spin manipulated nanoscopy 
can be implemented to partially suppress the cooperative emissions and thus the coupling 
between the emitters. A three level time dependent fluorescence with distinguishable “on” 
and “off” intensity states is observed [99].  
To demonstrate that the ODMR changes the blinking interactions between the     centres, 
an “on” time duration study is carried out. To calculate the “on” time duration, a threshold is 
set. In the case of collective blinking, the threshold corresponds to the background intensity 
value (t                   t       t    Fig. 4.6(a), top). The “on” time duration is 
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calculated from the fluorescence intensity values above the threshold, which represent the 
collective “on” “on” state of the     centres [99].  
When an ODMR frequency is applied, the threshold is above the maximum recorded “on” 
“off” fluorescence intensity (threshold           t       t , Fig. 4.7(a) bottom) [112].  
A histogram of the durations of the “on” periods of the blinking traces represents the “on” 
time probability distribution (  t     [119].  A first-order exponential-decay fitting model is 
performed to determine the     durations with the following 
                                                                            t       
 
     .                                             (4.15)  
The fitting shows                  and                 . 
 In the case of the collectively blinking     centres, the blinking fluorescence dynamics 
reveal longer “on” time durations (        ), and this can be justified when the emitters are 
simultaneously in the “on” state. When using spin manipulation, the emitters blink 
independently; therefore, they are not in the “on” state simultaneously and the (        ) has a 
shorter duration (Fig. 4.6(b)) [99]. 
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Fig. 4.6. A time study of collectively blinking NDs: (a) Top: the fluorescence intensity trace 
and the photon count distribution of collectively blinking     centres. The threshold (green 
dashed line) for the measurement of the “on” time duration is        photon counts. 
Bottom:  fluorescence intensity trace and photon count distribution of independent emitters 
once spin manipulated nanoscopy is applied. The threshold (green dashed line) for the 
measurement of the “on” time duration is        photon counts. (b) The collective 
dynamics reveals a longer “on” time for the blinking fluorescence. The red curve represents 
the “on” time duration calculated for collectively blinking     centres . The blue curve is the 
“on” time duration when the     centres are not in the “on” state simultaneously due to the 
implementation of the spin manipulated nanoscopy method [99]. 
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4.4.4 Spin manipulated nanoscopy of two collectively blinking nitrogen 
vacancy centres 
For the collectively blinking ND, the ODMR signal is characterised by the dips at two 
different frequencies,    and   , corresponding to two   
  centres (Fig. 4.7(a)). As an 
example, at the ODMR frequency   , the spin dependent blinking fluorescence reveals a 
histogram of a three-state emission configuration (Fig. 4.7(b)). The higher fluorescence level 
corresponds to the emissions from the two     centres, the middle fluorescence level 
corresponds to the emissions from only one     centre and the lower intensity level 
corresponds to the “off” state for both     centres [99].  
 
In the case of collective blinking, the super-resolution localisation code can only consider the 
coupled fluorescence emitters with intensity distributions such that the stochastic change 
between an “on” state and an “off” state are treated as one event; thus, the centroids retrieved 
numerically from all of the frames are reconstructed to form a final unresolved image of one 
emitter [99, 111]. 
 
Fig. 4.7(c) shows the super-resolution image of the emission spot based on collective 
blinking; the FWHM is 52 nm. Once the spin manipulated nanoscopy is applied, only the 
frames with one emitting     centre are selected during the super-resolution reconstruction 
process. As a result, Fig. 4.7(d) shows the zoomed-in view of the resolved single     centres  
at the ODMR frequency   . The reconstructed image clearly reveals two   
  centres 
separated by a distance of 23 nm [99].  
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Fig. 4.7. Spin manipulated nanoscopy: (a) ODMR signal with two dips. (b) Blinking 
dynamic when fluorescence is acquired at the ODMR frequency   . The photon counts per 
occurrence have three measured distribution states. (c) Left: super-resolution reconstructed 
image. The red circle highlights the collectively blinking   . Right: (upper) zoomed-in view 
of the super-resolution image of the collectively blinking     centres through wide-field 
localisation microscopy; (lower) cross section showing the FWHM of 52 nm. (d) Left: 
Fluorescence image of the collectively blinking ND. Right: (upper) zoomed-in image of the 
resolved     centres through wide-field localisation microscopy and nanoscale spin 
manipulation; (lower) cross section showing the 23 nm distance between the two    centres 
[99]. 
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It is also possible to resolve the two     centres at the second ODMR frequency    with 
similar results (Fig. 4.8) [99].  
 
 
Fig. 4.8. Spin manipulated nanoscopy applied at the ODMR frequency   : (a) The 
ODMR signal with two resonances dips. (b) The blinking fluorescence acquired at the 
ODMR frequency   . The photon counts per occurrence have three measured distribution 
states (c) (Left) Zomed-in image of the resolved     centres through wide-field localisation 
microscopy and nanoscale spin manipulation at frequency   . (Right) The cross section shows 
23 nm distance between the two    centres.  Scale bar is 30 nm [99]. 
 
 
To verify the blinking behaviour of the     centres with frequencies different from the 
resonant one are used, including three random frequencies   ,    and    (Fig. 4.9(a)). At these 
three frequencies, the blinking trace shows collective “on” and “off” fluorescence emissions, 
and the two state photon count distributions describes the “on” and the “off” events for the 
two transmitters (Fig. 4.9 (b-d)). Therefore, it is the ODMR excitation that interrupts the 
coupling between the emitters, confirming the model of the nature of the intersystem crossing 
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transitions in the non-cooperative emissions, and the reductions of the cooperative emissions 
are due mostly to the dephasing mechanism from the      spin transitions [99, 114]. 
 
Fig. 4.9. Collective blinking measured at the frequencies         : (a) The ODMR signal 
with two resonances dips. The three dots (red, blue and green) are the frequencies, different 
form the resonant one, used to verify the blinking behaviour  of the   centres. (b-d) At 
these three random frequencies          the blinking fluorescence shows collective emission 
with two states photon count distributions [99]. 
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4.4.5 Spin manipulated nanoscopy of two collectively blinking nitrogen 
vacancy centres with overlapped optically detected magnetic resonance 
frequencies 
When the collective emitters possess the same ground state spin transition frequencies, an 
external magnetic field is applied to split the resonant dips. The collectively blinking traces 
and the HBT test showing two     centres within the ND are depicted in Fig. 4.10 [99].  
 
 
Fig. 4.10. Collectively blinking study for two     centres with overlapped ODMR dips: 
(a) The HBT test was performed to measure the number of emitters for the collective ND. (b) 
The PL intensity “on” and “off” trajectories and histogram of intensity count distributions of 
the collective blinking    centres within the ND [99]. 
 
 
The ODMR signal shows only one dip for the two emitters (black curve in Fig. 4.11(a)). 
When an external B field of 1 mT is applied, the overlapped ODMR dips, split into four dips 
(red curve in Fig. 4.11(a)). The different shifts of the ODMR dips are caused by different 
factors, such as the polarisation, beam power, and orientation of the magnetic field applied to 
the optical axis of the        t    [82, 99, 120, 121]. Once spin manipulated nanoscopy is 
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applied at frequency    (Fig. 4.11(a)); the spin dependent blinking fluorescence and photon 
count distribution at frequency    show three states (Fig. 4.11(b)). The reconstructed image 
based on the collective blinking data shows a single emission spot with an FWHM of 57 nm 
(Fig. 4.11(c)). In Fig. 4.12(d) the zoomed-in area of the resolved single     centres, using 
the ODMR frequency   . The reconstructed image reveals two   
  centres separated by 27 a 
distance of nm [99]. 
 
 
Figure 4.11. Spin manipulated nanoscopy with an external magnetic field. The magnetic 
field is applied when the collective emitters possess the same ground state spin 
transition frequency: (a) When an external B field of 1 mT is applied, the ODMR signal 
shows four dips (red curve). (b) Blinking fluorescence manipulated at the ODMR frequency 
   and the photon counts per occurrence measurement, with the three distributional states. (c) 
Left: super-resolution reconstructed image. In the red circle, the collectively blinking    is 
highlighted. Right: (upper) zoomed-in view of the super-resolution image of the collectively 
blinking     centres through wide-field localisation microscopy; (lower) cross section 
showing a FWHM of 57 nm. (d) Left: Fluorescence image of the collectively blinking ND. 
Right:  (upper) super-resolution zoomed-in image of the resolved     centres through wide-
field localisation microscopy and nanoscale spin manipulation; (lower) cross section that 
shows the 27 nm distance between the two    centres [99]. 
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4.5 Summary 
The combination of the spin readout and sensing with the super-resolution imaging and 
nanometric localisation of single     centres has been at the centre of many proposed 
methods for advancing nanometric magnetic resonance imaging [19, 20, 61, 65, 71, 122].  
 
In this work, we have presented spin manipulated nanoscopy to resolve single     centres 
in blinking NDs with an average size of 42 nm, where the photoluminescence intermittency is 
achieved via oxidation [22, 62, 72, 78]. Our method allows the imaging of the spin states at 
the nanoscale in individual     centres in single blinking NDs. Each single emitter is 
resolved independently from its off-resonant image, which is necessary for the super-
resolution technique, based on the spectral differences [71]. The proposed method enables the 
decoupling of the collectively blinking emissions and, thus, image reconstruction using 
different temporal domain frames can be utilised, same as that with different spectral domains 
[99].  
 
By manipulating the spin states of two collectively blinking     centres, it is possible to 
localise single     centres in collectively blinking NDs separated by nanometer distances 
under resonant mw radiation. Further, the application of an external magnetic field enables 
the resolution of the collective emitters when they possess the same ground state spin 
transition frequency [99].  
The potential to distinguish different     centres within the same ND enables the nanoscale 
reconstruction of the magnetic sensitive spins of closely spaced     centres. Therefore, the 
presented method adds a greater value to the applications of NDs as biomarkers for super-
resolved magnetic imaging in the life sciences [99]. 
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Chapter 5 Measuring magnetic fields from magnetic 
nanoparticles with nitrogen vacancy centres in 
nanodiamonds 
5.1 Introduction 
In Chapters 3 and 4 we have investigated the photo-physical properties of negatively charged 
nitrogen vacancy (   ) centres in blinking nanodiamonds (NDs) and how a microwave 
(mw) field at the resonance frequency can be implemented to manipulate the spin of     
centres. We have demonstrated that the spin dependent blinking fluorescence enables super-
resolution imaging of individual     centres in single blinking NDs.  
The potential to combine spin manipulated nanoscopy demonstrated in Chapter 4 with the 
magnetic capabilities of     centres would allow for optical magnetic imaging with high 
spatial resolution.  
 
In this chapter, the magnetic sensing capability of     centres in NDs is illustrated.     
centres are implemented to measure magnetic fields from iron oxide magnetic nanoparticles 
(MNP) with a diameter of 20 nm (Ocean NanoTech, San Diego, CA) [123, 124]. 
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5.2 Iron oxide magnetic nanoparticles 
5.2.1 Magnetic behaviour of iron oxide magnetic nanoparticles 
Iron oxide MNPs have emerged as one of the primary nanomaterial for biomedical 
applications in vitro and in vivo due to their biodegradability and low toxicity [125]. 
Different functionalisation approaches have been developed to target with MNPs specific 
cells for imaging and therapy [124].  
In absence of a magnetic field, MNPs are in the paramagnetic state with the magnetic 
moments (  ) randomly oriented and a zero net magnetic moment (M) (Fig. 5.1(a)). In 
presence of a magnetic field they orient their magnetic moments along the applied magnetic 
field (Fig. 5.1(b)). Their magnetic moments stay aligned once the external magnetic field is 
removed (Fig. 5.1(c)). 
MNPs have found wide applications in biomedicine because they are biocompatible and 
potentially nontoxic to humans [125, 126]. They can be used for in vivo applications due to 
their easily degradability [127]. Further, MNPs have been applied in vitro for labelling cells 
in order to monitor such labelled cells in real time with magnetic resonance tomography 
[128]. 
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Fig. 5.1. Magnetic properties of MNPs: (a) Without an external magnetic field,    have 
random orientation and    . (b) When an external magnetic field is applied,    orient 
along the applied magnetic field and    . (c) When the external magnetic field is 
removed,   maintain the orientation and   . 
 
5.3 Magnetic field measurements with nitrogen vacancy centres in 
nanodiamonds 
5.3.1 Sample preparation 
For this experiment, two samples are prepared. A suspension of water soluble iron oxide 
MNPs nominally 20 nm in size is used. MNPs in solution are de-agglomerated with a 
sonication procedure for 20 min. A volume of 20 µl MNP solution is drop cast on oxygen 
asher plasma cleaned borosilicate coverslip and dried in air.  
The other sample is constituted by MNPs and NDs.  High pressure high temperature (HPHT) 
NDs nominally 70 nm in size, acid cleaned and diluted in MilliQ solution are used. A volume 
of 10 µl NDs solution is mixed to a volume of 10 µl MNPs solution. After performing a 
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sonication procedure for 20 min, the solution is drop cast on oxygen asher plasma cleaned 
borosilicate coverslip and dried in air.  
5.3.2 Experimental details 
The study of the size of MNPs and NDs is performed with a commercial atomic force 
microscope (AFM). The analysis of the size is performed with NT-MDT software (NT-MDT 
Spectrum Instruments, Moscow, Russia) [100]. 
MNPs and NDs are imaged with a wide-field microscope with the purpose of studying their 
fluorescence emission properties. A linearly polarised beam at 532 nm wavelength is used as 
an excitation source through a 1.4 numerical aperture (NA) oil immersion objective lens. The 
fluorescence is collected from the same objective lens and is directed to a cooled electron 
multiplying charge coupled device (EMCCD) camera (Andor, iXon X3 897, Andor 
Technology, Belfast, UK) at –80°C (Fig. 5.2). The exposure time is set to 50 ms. Microwave 
(mw) pulses of +5 dBm amplitude are generated with a signal generator from 2.6 GHz to 3.0 
GHz with an increment of 0.8 MHz. Each image frame is synchronised to a mw pulse by 
matching the exposition time of the EMCCD with the dwell time of the mw pulses [97]. 
For the ODMR measurements, a coverslip with a conductive pattern is fabricated (Fig. 3.10). 
An external static magnetic field of 1 mT is applied along the z-axis at the back of the 
microscope stage where the sample is mounted. The magnetic field strength is calculated 
from the ODMR frequencies through Eq. (2.5) [57]. 
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Fig. 5.2. Wide-field microscopy setup with the instrumentation for the ODMR 
experiment: schematic of the home-built wide-field microscope used for the ODMR 
measurements. The sample is constituted by NDs (blue) and MNPs (orange dots). 
 
5.3.3 Size characterisation 
AFM images are taken to measure the size of MNPs and NDs. The average size that it is 
measured for the sample containing only MNPs is (20.5±5.2) nm (Fig. 5.3(a)). For the sample 
containing MNPs and NDs, two sets of data can be distinguished. MNPs have an average size 
of (20.5±5.2) nm; the average size measured for NDs is  (42.5±12.5) nm (Fig. 5.3(b)). 
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Fig. 5.3. Size characterisation: (a) AFM image of MNPs. The average size is (20.5±5.2) 
nm. The measurements are taken along the blue line from A to B. (b) AFM image of MNPs 
and NDs. The average size is (20.5±5.2) nm for MNPs and (42.5±12.5) nm for NDs. The 
measurements are taken along the blue line from A to B. 
 
 
5.3.4 Fluorescence emission characterisation  
For the magnetic field measurements via ODMR signal, it is important to verify that the 
fluorescence emission of MNPs does not interfere with the fluorescence from NDs when a 
laser beam at 532 nm wavelength is implemented as an excitation source.  
Images of a sample containing only MNPs and a sample containing MNPs and NDs are 
taken. Under a laser beam at 532 nm wavelength, the sample containing only MNPs does not 
show any fluorescence (Fig. 5.4(a)). It is possible to observe fluorescence in the wavelength 
range of 600-800 nm from the sample containing NDs and MNPs (Fig. 5.4(b)). Therefore the 
fluorescence is due to the NDs emission. 
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Fig. 5.4. Wide-field images at 532 nm wavelength, the fluorescence is collected in the 
wavelength range of 600-800 nm: (a) Wide-field image of a sample containing MNPs. 
MNPs don’t show any fluorescence. (b) Wide-field image of a sample containing MNPs and 
NDs. It is possible to record fluorescence from NDs.  
 
 
5.3.5 Magnetometry with nitrogen vacancy centres in nanodiamonds 
A ND is selected in a sample containing NDs and MNPs. During mw stimulation and 
simultaneously with excitation at 532 nm wavelength, it is possible to record an ODMR 
signal. The recorded signal is characterised by one dip at frequency   2.836 GHz (Fig. 
5.5(a)).  
Further, an external magnetic field of 1 mT is applied along the z-axis. Under the external 
magnetic field, mw stimulation and excitation at 532 nm wavelength, the ODMR signal is 
recorded. The signal is characterised by two dips at frequencies   2.810 GHz and   2.862 
GHz. These two ODMR dips are observed at the mw frequencies in resonance with the 
frequency gap between the spin energy sublevels of the ground state in the     centre 
(Section 2.3.2) [34]. The frequency gap between the two dips is 0.0535 GHz (Fig. 5.5(b)). 
From Eq. (2.5), the strength of the local magnetic field is calculated to be B = 152.05 µT.   
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The external magnetic field is then removed and the ODMR signal is calculated in presence 
of the magnetic field from only MNPs. The signal is characterised by two fluorescence dips 
at frequencies   2.826 GHz and   2.847 GHz. The frequency gap between the two dips is 
0.021 GHz (Fig. 5.5(c)). Using Eq. (2.5), the strength of the local magnetic field due to the 
MNPs is B = 59.683 µT. A Lorentz fit of the measured ODMR signals is performed with Eq. 
(3.3). In Table 5.1 are reported the experimental data that show the linear dependence of the 
ODMR frequencies with the magnetic field given by Eq. (2.5). 
 
 
 
 
 
 
 
Fig. 5.5. Magnetic field from MNPs: (a) ODMR signal (b) Under an external magnetic field 
of 1 mT the ODMR shows two dips separated by a frequency gap of 0.0535 GHz. The local 
magnetic field is B =152.05 µT. (c) When the external magnetic field is removed the ODMR 
shows two dips separated by a frequency gap of 0.021 GHz. The magnetic field is due to the 
MNPs. The local magnetic field is B =59.683 µT. 
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Magnetic field strength μT Frequency gap Δf 
60 0.20 
158 0.054 
 
 
Table 5.1. Linear dependence of the ODMR frequencies with the magnetic field: Linear 
dependence of the ODMR frequencies with the local magnetic field. 
 
5.3.6 Magnetic sensitivity of nanodiamonds 
The sensitivity of NDs to continuous magnetic fields can be obtained using Eq. (2.6). In the 
experiment discussed above, the full width at half-maximum (FWHM) of the measured 
ODMR signals is 0.03 GHz, the ODMR contrast is 0.04. The number of photons detected 
with the EMCCD is 266 each 50 ms which corresponds to 5320 photons per second. 
Therefore, the calculated magnetic sensitivity is 250 µT/√  . 
5.4 Chapter conclusions 
In this chapter, the magnetic field sensing capability of     centres in nanodiamonds has 
been investigated experimentally. We have demonstrated that     centres in NDs can be 
implemented to measure magnetic fields from MNPs. The Zeeman splitting is detected by 
monitoring the fluorescence as a function of mw frequencies. A static magnetic field, B 
=59.683 µT, is measured based on the splitting of the ODMR dips for a single     centre in 
ND. A magnetic sensitivity of 250 µT/√   is calculated. This has opened up the opportunity 
to combine the magnetic field sensing capabilities of     centres with spin manipulated 
nanosocopy for sub-diffraction optical magnetic imaging. 
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Chapter 6 High resolution magnetometry in MCF10A 
cells with nitrogen vacancy centres in nanodiamonds 
6.1 Introduction 
Based on the study of the opto-magnetic properties of blinking nanodiamonds (NDs) 
(Chapter 3), we have developed spin manipulated nanoscopy for super-resolution imaging of 
single nitrogen vacancy (   ) centres in blinking NDs (Chapter 4). We also have 
investigated the magnetic capabilities of      centres (Chapter 5) by measuring the magnetic 
field generated from iron oxide magnetic nanoparticles (MNP).  
In Chapter 6 we implement spin manipulated nanoscopy for high spatial resolution imaging 
of magnetic fields generated from magnetically-labelled MCF10A cells. This cell line is a 
suitable model for human mammary cell studies [129]. This proof-of-concept experiment 
represents the first step towards the application of NDs as biomarkers for super-resolution 
magnetic imaging in life science. 
In this chapter, we carry out a proof-of-concept experiment of high sensitivity measurements 
combined with nanoscale magnetic imaging of local magnetic fields with blinking NDs. By 
labelling MCF10A cells with MNPs (Chapter 5) we show that spin manipulated nanoscopy 
provides the means to resolve the local magnetic field with a full width at half-maximum 
(FWHM) of 25 nm.  
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6.2 Biocompatibility of nanodiamonds 
6.2.1 Sample preparation 
We investigate the cellular uptake of NDs to prove their biocompatibility [130, 131]. 
MCF10A cells are cultured in a Dulbecco’s modified Eagle’s medium (DMEM) with 10% 
fetal bovine serum and 1% penicillin/streptomycin. For cells uptake, high pressure high 
temperature (HPHT) NDs with an average particle size of 70 nm are diluted in DMEM at a 
concentration of 20     ⁄ . Cells are seeded on the cover slip and incubated with the 
DMEM:NDs suspension overnight (37ºC and 5%    ). After the treatment, the media is 
removed and the cells are washed with a phosphate buffered saline (PBS) [89]. For 
fluorescence identification, the cells membranes are stained with DiD dye [132]. 
6.2.2 Experimental details 
A wide-field microscope is implemented to measure the fluorescence from DiD dye and NDs 
with a 100× oil-immersion objective of numeric aperture (NA) 1.4 (Fig. 3.11). DiD dye is 
excited with a laser beam at 638 nm wavelength, the fluorescence emission peak is at the 700 
nm wavelength.  The fluorescence is collected with a cooled electron multiplying charge 
coupled device (EMCCD) (Andor, iXon X3 897, Andor Technology, Belfast, UK) at      . 
Multiple images, with a step of 300 nm, are taken at different focus distances to image the 
cells volume. DiD dye is then bleached with a laser beam, at 30 µW for 5 min. Further, an 
image stack of the same area is taken with a step of 300 nm and with a light beam at 532 nm 
wavelength to image NDs. 
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The two image stacks are then merged with ImageJ Software (National Institute of Health, 
New York, USA). The study of the uptake of NDs into cells is performed by looking at the 
position of a fluorescence spot with respect to the cellular membrane. The absorption 
spectrum is taken with a spectrometer (Thorlabs Inc, Newton, New Jersey, USA) to confirm 
that the fluorescence within the cellular membrane is from a ND. 
6.2.3 Cellular uptake of nanodiamonds 
With a depth of 300 nm, 40 images of a MCF10A cell are taken with a laser beam at 638 nm 
wavelength. In Fig. 6.1(a) three images of the stack are illustrated. For the same area, the 
images of NDs are shown (Fig. 6.1(b)) when a laser beam at 532 nm wavelength is used as an 
excitation source.   
 
Fig. 6.1. Image stack in the z-direction of a MCF10A cell and NDs:  (a) Images of a 
MCF10A cell at different focus distances with a light beam at 638 nm wavelength (b) Images 
of NDs at different focus distances with a light beam at 532 nm wavelength. 
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With ImageJ software (National Health Institute, New York, USA) the two image stacks are 
merged. A red colour-channel is assigned to MCF10A cells, the green-colour channel is for 
NDs. An image in the stack is selected to determine if NDs have been uptaken into cells (Fig. 
6.2(a)). The analysis is done by looking at the position of a selected ND (bright green spots in 
Fig. 6.2(a)) with respect to the cellular membrane in the (x,z) and (y,z) planes.  
The ND highlighted in the white circle has been successfully uptaken into the MCF10A cell 
because it is confined between the red membrane and the coverslip which is represented by 
the blue line ((Fig. 6.2(a)). 
 
Fig. 6.2. NDs uptaken into a MCF10A cell: (a) Merged image that shows a MCF10A cell 
membrane and a ND (green spot highlighted in the white circle). From the analysis in the 
(x,z) and (y,z) planes we demonstrate that the ND is been uptaken into the cell. The blue line 
represents the cover glass. (b) The photoluminescence spectrum confirms that the selected 
spot in figure (a) is a ND. 
The emission spectrum shows photoluminescence between the 532 nm wavelength and the 
800 nm wavelength. Therefore, the fluorescent spot is a ND (Fig. 6.2(b)).  
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Separate studies on other MCF10A cells have been performed to investigate the repeatability 
of the experiment. We have verified with multiple samples that NDs can be uptaken into 
MCF10A cells. Therefore we have demonstrated the biocompatibility of NDs. 
6.3 Nanoscale magnetic fields imaging in MCF10A cells with 
blinking nanodiamonds  
6.3.1 Sample preparation 
The aim of this experiment is to implement spin manipulated nanoscopy for high resolution 
imaging of magnetic fields from MCF10A cells labelled with iron oxide magnetic 
nanoparticles (MNPs). An oxidation at 600°C for 2 h is performed to increase the number of 
blinking NDs and to improve their magnetic sensitivity by reducing the optically detected 
magnetic resonance (ODMR) linewidth, as demonstrated in Section 3.5. The cells are 
labelled with MNPs through biotin-streptavidin chemistry [90]. The cell-surface 
glycoproteins CD44 are bound to the biotinylated anti-CD44 antibodies with incubation for 
20 min at room temperature. MNPs coated with streptavidin are conjugated to biotinylated 
cells with incubation for 20 min at room temperature.  
For fluorescence identification, MNP are stained with ATTO 565 dye. The absorption 
spectrum for ATTO 565 dye has a peak at the 565 nm wavelength, the emission peak is at the 
590 nm wavelength. Fig. 6.3(a) shows the schematic of the biotin-streptavidin method to bind 
MCF10A cells to MNPs. The cells are cultured on a cover slip coated with a gold conductive 
pattern to deliver the microwave (mw) stimulation for the ODMR measurements to the 
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surrounding NDs (Fig. 6.3(b). Oxidised NDs are drop cast on an oxygen asher plasma 
cleaned borosilicate coverslip where the cells are cultured.  
 
Fig. 6.3. MNPs labelling MCF10A cells: (a) Schematic of MNPs labelling MCF10A cells: 
biotinylated cells and streptavitin coated MNPs are bound via incubation for 20 min at room 
temperature. For fluorescence identification, MNPs are stained with ATTO 565 dye. (b) (left 
side) Cover slip with gold pattern for mw stimulation of NDs. (right side) Fluorescence 
image of MCF10A cells.  
 
6.3.2 Experimental details  
A home-built wide-field microscope with a linearly polarised beam and a 1.4 NA oil 
immersion objective lens is used. The objective lens collects the fluorescence and directs it to 
a cooled EMCCD camera (Andor, iXon X3 897, Andor Technology Ltd., Belfast, UK) at –
80°C via a flip mounted dichroic mirror (Fig. 3.11).  
First, a MCF10A cell is selected under a laser beam at 561 nm wavelength. The ATTO 565 
dye, labelling the selected cell, is then bleached with high power laser beam, at 30 µW, for 5 
min. (Fig. 6.4(a)). Finally, NDs are imaged with a laser beam at 532 nm wavelength (Fig. 
6.4(b)) and simultaneously with mw stimulation for spin manipulated nanoscopy [99]. 
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Fig. 6.4. Zoom-in view images of NDs and MCF10A cells: (a) MCF10A cells labelled with 
MNPS and ATTO 565 dye are imaged with a wide-field microscope and a laser beam at 561 
nm wavelength (b) NDs in the green box in (a) are imaged with a laser beam at 532 nm 
wavelength.  
 
Mw radiations for the ODMR are guided through the conductive pattern imprinted on the 
coverslip and delivered to surrounding     centres. The mw pulses are generated from a mw 
generator (Agilent N5183A MXG, Agilent, Santa Clara, California) and amplifier (Ophir 
5181, Ophir RF, Los Angeles, California) connected to one edge of the conductive pattern. 
The wide-field setup is illustrated in Fig. 3.11. 
To measure an ODMR peak, each image frame is synchronised to a mw pulse generated from 
a signal generator, and the dwell time of each mw pulse matches the exposition time of the 
EMCCD camera. The signal generator is also used to initialise the frame acquisitions by 
triggering the exposure sequence of the EMCCD camera.  
We captured 500 images at mw frequencies from 2.6 GHz to 3.0 GHz with an increment of 
0.8 MHz [34, 107]. An ODMR frequency is identified by integrating the fluorescence of a 
5×5 pixel area from the EMCCD camera [99].  
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Once the ODMR frequency is determined, an external magnetic field of 1 mT is applied to 
magnetise the MNPs. The external magnetic field is then removed and the ODMR signal is 
measured again.  
The magnetic field measured with NDs is calculated through Eq. (2.5) [57]. The sensitivity of 
NDs to magnetic fields is given by Eq. (2.6) [57]. Spin manipulated nanoscopy can be 
implemented by continuously acquiring the blinking intensity of NDs while the signal 
generator provides the mw stimulation at the ODMR frequencies. 
6.3.3 Particle detection, localisation and visualisation 
At the ODMR frequency a total of 500 blinking cycles are recorded without bleaching. A 
threshold is set and a new image stack with only the frames for one emitting     centre is 
built. The number of blinking cycles recorded is more than 200. QuickPALM algorithm is 
implemented to measure the position of each detected     centre using Gaussian fitting [99, 
109, 110].  
6.3.4 Magnetic field measurements 
Once a MCF10A cell is selected (Fig. 6.5(a)), an image of NDs is taken with a laser beam at 
532 nm wavelength. For the ND highlighted in the blue circle in Fig. 6.5(b) the ODMR signal 
is measured. A drop in fluorescence is recorded at frequency   2.882 GHz (Fig. 6.5(c) 
bottom)). A magnetic field of 1 mT is applied to magnetise the MNPs and then is removed. 
The ODMR signal is measured again in order to calculate the strength of the local magnetic 
field due to MNPs. 
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Fig. 6.5. ODMR measurement for a ND with and without an external magnetic field 
applied: (a) A cell is selected. (b) A ND is selected to perform the ODMR measurement. (c) 
(bottom) ODMR signal. (top) ODMR signal once the MNPs are magnetised. 
The recorded ODMR signal shows two dips at frequencies   2.875 GHz and   2.889 GHz 
(Fig. 6.5(c) top). A Lorentz fit is performed on the measured ODMR signals by using Eq. 
(3.3). The local magnetic field strength is calculated with Eq. (2.5), the measured value 
is    67 µT. From the formula (2.6) the sensitivity is measured to be   20 µT/√  , the 
ODMR linewidth     0.02 GHz.  
 
Fig. 6.6. ODMR measurement for a ND with and without an external magnetic field 
applied: (a) A cell is selected. (b) A ND is selected to perform the ODMR measurement. (c) 
(bottom) ODMR signal. (top) ODMR signal once MNPs are magnetised. 
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Another ND is then selected to measure the local magnetic field strength within the same area 
(Fig. 6.6(a-b)). Before applying the external magnetic field, the ODMR dip is measured at 
frequency   2.875 GHz (Fig. 6.6(c), bottom). A Lorentz fit is performed on the measured 
ODMR signals with Eq. (3.3). Once MNPs are magnetised, the ODMR signal shows two dips 
at frequencies   2.86 GHz and   2.88 GHz (Fig. 6.6(c), top). The local magnetic field 
strength is calculated with Eq. (2.5), the measured value is   57 µT. From Eq. (2.6) the 
sensitivity is measured to be   16 µT/√  , with the ODMR linewidth    0.01 GHz. 
6.3.5 Imaging magnetic fields at the nanoscale 
The intensity trace of the ND highlighted in the green circle (Fig. 6.7(a)) is characterised by 
blinking intermittency with a Gaussian distribution of the on” and “off” photoluminescence 
occurrence (Fig. 6.7(b)). The ND highlighted in the blue circle (Fig. 6.7(a)) shows a stable 
fluorescence in time. Spin manipulated nanoscopy can be performed by continuously 
acquiring the fluorescence of the blinking ND while applying the ODMR frequency   2.86 
GHz (red arrow in Fig. 6.6(c) top).  
 
Fig. 6.7. ND exhibits blinking behaviour: (a) Wide-field image of NDs. (b) Blinking 
photoluminescence showing “on” and “off” behaviour for the ND highlighted in the green 
circle in (a). Gaussian distribution of the “on” and “off” photoluminescence occurrence.  
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By acquiring the stochastic “on” “off” blinking fluorescence at different time sequences, it is 
possible to reconstruct the local magnetic field beyond the diffraction limit. We resolve a 
single     centre with            (Fig. 6.8(a)). Figure 6.8(b) is illustrated the 
difference between the diffracted limited image of the fluorescent stable ND and the 
superresolved image of the single     centre.  
 
Fig. 6.8. Super-resolution image of the local magnetic field: (a) Superresolved image of a 
blinking ND and cross section showing a FWHM of 25 nm. (b) Zoomed-in view showing the 
diffracted limited image of the fluorescent stable ND (scale bar 100 nm) and the resolved 
high magnetic sensitive     centre (scale bar 50 nm). 
We have demonstrated that spin manipulated nanoscopy allows studying and imaging 
magnetic fields at the nanoscale. 
6.4 Summary 
In this chapter, we have performed a proof-of-concept experiment to demonstrate that spin 
manipulated nanoscopy can be implemented for high resolution magnetometry.  
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We have shown that blinking NDs are capable of high magnetic sensitivity. We have 
demonstrated a magnetic sensitivity   16 µT/√   with a single     centre in a single 
blinking ND. Moreover, blinking NDs have enabled nanoscale imaging of the magnetic field 
beyond the diffraction limit. We have measured a local magnetic field   57 µT with a 
single     centre of      25 nm. Hence, this work will have extensive impact in super-
resolution optical magnetic imaging. 
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Chapter 7 Conclusions and future work 
7.1 Conclusions of this thesis 
The combination of spin readout and sensing with nanometric localisation of single nitrogen 
vacancy (   ) centres in blinking nanodiamonds (NDs) has never been investigated. The 
relevance of the method with NDs is motivated by their wide range of applications in the life 
sciences compared to bulk diamonds. In this thesis, we have investigated the optical and 
magnetic properties of blinking NDs. The optically detected magnetic resonance (ODMR) 
signal has been measured when blinking NDs are excited through microwave (mw) 
stimulation. An improvement of the magnetic sensitivity of NDs has also been demonstrated 
by reducing the linewidth    of the ODMR signal with an oxidation at 600°C for 2 h. 
Further, the recording of the blinking effect at the ODMR frequency has allowed the 
development of spin manipulated nanoscopy.  
An experimental setup has been built for imaging and parallel readout of the magnetic 
sensitive spin of single     centres in single blinking NDs. The implementation of spin 
manipulated nanoscopy to resolve two collectively blinking    centres has also been 
demonstrated.  
Finally, the magnetic capabilities of     centres in NDs have been investigated by 
measuring magnetic fields from iron oxide magnetic nanoparticles (MNPs). Spin manipulated 
nanoscopy with high magnetic sensitive     centres in blinking NDs has been implemented 
for nanoscale reconstruction of magnetic fields from biological cells labelled with MNPs. A 
local magnetic field   57 µT has been measured with a single     centre. The full width at 
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half-maximum        is 25 nm. The magnetic sensitivity achieved is   16 µT/√  , with an 
ODMR linewidth    of 0.01 GHz. 
In this thesis the following achievements lead to the realization of a sensor capable of super-
resolution optical magnetic imaging based on     centres in blinking NDs: 
 
1. The ODMR signal is a defining characteristic for magnetic sensing applications based 
on NDs. After performing an oxidation process, the blinking phenomenon has been 
observed. Mw application combined with optical stimulation has enabled the 
detection of the ODMR signal within blinking NDs. Moreover, at the ODMR 
frequency, the distribution of the photon counts clearly has shown fluorescence 
intermittence, confirming the blinking phenomenon. High magnetic sensitivity has 
been achieved by performing an oxidation at 600°C for 2 h. This oxidation process 
removes the paramagnetic impurities inside the diamond matrix, reducing the 
linewidth of the broad ODMR spectrum. These new features associated with oxidised 
NDs have provided the foundation for a new super-resolved optical imaging method 
called spin manipulated nanoscopy [99]. 
 
2. We have experimentally demonstrated a novel super-resolution technique called spin 
manipulated nanoscopy. A system has been constructed based on a home-built wide-
field microscope. Single      centres have been imaged beyond the diffraction limit 
by continuously acquiring the blinking intensity while the signal generator provided 
the mw stimulation at that ODMR frequency. The method has been applied to image a 
single     centre in a single ND and parallel readout of the     magnetic sensitive 
spin. A transverse resolution of 34 nm has been achieved. Two collectively blinking 
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    centres in a single ND separated by 23 nm distance are also imaged. Further, 
when two collectively blinking     centers possess the same ODMR frequency, spin 
manipulated nanoscopy has been applied in presence of an external magnetic field to 
split the dips. A peak to peak separation between two fluorescence features of 27 nm 
is demonstrated. Spin manipulated nanoscopy applied to     centers in NDs has 
opened up the new groundwork for the development of nanoscale biomarkers for 
super-resolution optical and magnetic imaging of complex biological environments. 
 
3. We have measured magnetic fields from iron oxide magnetic nanoparticles (MNPS) 
with NDs. Further, we have implemented spin manipulated nanoscopy with blinking 
NDs for super-resolution imaging of magnetic fields from MCF10A cells labelled 
with MNPs. The stochastic blinking fluorescence of NDs was recorded while the 
generator provided the mw stimulation at the ODMR frequency. Our method has 
allowed imaging of the magnetic field with a transverse resolution of 25 nm with a 
single     centre in a single blinking ND. The magnetic sensitivity achieved was 
  16 µT/√  . Therefore, our demonstrated concept offers significant potential to 
improve the current biotechnology by using blinking NDs as biomarkers for 
superresolved parallel magnetic imaging in life science.  
7.2 Future work 
The research outcomes demonstrated in this thesis could be further extended. Spin 
manipulated nanoscopy has a great potential to decouple the collective blinking emission that 
can be verified when closely packed nitrogen vacancy centres are tagging densely packed 
structures such as synaptic neural connectivity structures for multi-colour fluorescence 
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nanoscopy. An exciting experiment would be to combine nanoscale image reconstruction of 
cells labelled with blinking NDs and magnetic mapping from the in vivo activity of the cells. 
In Fig. 7.1 is illustrated our first demonstration of a MCF10A cell labelled with NDs and 
MNPs. MCF10A cells are stained live with biotinylated anti-CD44 antibody (BD) at 1:1000 
dilution for 30 min. Cells are then washed in PBS, fixed by 3.7% paraformaldehyde for 10 
min. Cells are stained with 20 nm streptavidin coated iron oxide magnetic nanoparticles 
(Ocean NanoTech, San Diego, CA) at 1:20 dilution for 30 min., followed by biotinylated ND, 
200     ⁄  for 30 min. Images are taken with the wide-field microscope described in Section 
3.5.2. Fluorescence images are collected with an excitation beam at 532 nm wavelength, and 
emission peak at the 600 nm wavelength. 
 
Fig. 7.1. NDs labelling MCF10A cells: (a) Schematic of MNPs and NDs labelling MCF10A 
cells: (b) Wide-field image of NDs and MNPs labelling a MCF10A cell. 
 
 
However, in order to have blinking NDs, the effect of the oxidation at 600°C on the biotin-
streptavidin binding might be investigated.  
Secondly, we have demonstrated that the magnetic sensitivity is enhanced by removing the 
paramagnetic impurities within the high pressure high temperature (HPHT) NDs matrix. In 
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order to boost the magnetometry with     centres to nT magnetic fields sensitivity, NDs 
grown with chemical vapour deposition (CVD) with a number of paramagnetic impurities 
down to below one part per billion carbon atoms could be implemented.  
2016 saw optical magnetic detection of the action potentials from a single-neuron by using a 
quantum defects in diamond [93]. Our demonstrated concept with NDs can have a great 
impact in the field of artificial intelligence. With our method, the spin dependent blinking 
fluorescence could enable super-resolution imaging of neural structures and parallel readout 
of the action potential that propagates within each neuron. Further, the nanometric 
reconstruction of the synapses connections could be achieved by labelling neurons with 5 nm 
oxidised NDs [72].  
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